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Theory, design, fabrication and characterization of on-chip optical beam steering 
systems are presented in this dissertation. Silicon photonics is being considered for 
integration with conventional CMOS technology for large-band width and low loss on 
and off-chip communications. We choose silicon nanomembrane, or silicon-on-insulator 
(SOI) substrates for implementation of large-angle and agile beam steeres. While 
working on the targeted device, we contributed to the theory, modeling, engineering and 
implementation of different building blocks. 
Multimode-interference couplers (MMIs) constitute important parts of this 
dissertation. These devices are commonly used as on-chip beam splitters, optical switches 
and on-chip static phase shifters. The MMIs’ principles of operation are suited in more 
details and design rules are derived for the first time. MMI based beam splitters with 
number of outputs as large as 12 are fabricated and tested on SOI wafers. Traditionally, 
MMIs devices were designed by means of computationally expensive numerical 
simulations. Numerically and experimentally, we show that our analytical design rules 
 vii
make design of MMIs with low insertion loss and highly uniform outputs possible 
without additional optimization processes.  
Optical phased arrays include phase shifter blocks. In the first prototype, we use 
micro-heaters for tuning the optical phase. The bread-loafing effect, which is generally 
considered an undeniable phenomenon in the silicon industry, is engineered to realize a 
mechanical structure to efficiently direct heat toward the silicon waveguides. We also 
investigate slow light photonic crystal based delay lines to be used as phase shifters. An 
important drawback of such devices is the low coupling efficiency between slow-light 
photonic crystal waveguides and fast light strip waveguides. We numerically and 
experimentally investigate the coupling efficiency, and show for the first time that a few-
period long fast-light photonic crystal waveguide without any group index tapering 
suffices for efficient coupling.  
The prototype is fabricated, packaged and tested and optical beam steering angle 
over ±30degrees is demonstrated. Finally, preliminary investigations for 3D 
implementation of the beam steerer system are presented to clarify the approaches to take 
for future works.  
 viii
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Chapter 1: Project Framework and Research Goals 
My thesis will report the results of my research in the framework of a Multidisciplinary 
University Research Initiative (MURI) program titled as “Three Dimensionally 
Interconnected Silicon Nanomembranes for Optical Phased Array (OPA) and Optical 
True Time Delay (TTD) Applications”. Two major goals for employing silicon 
nanomembranes in this program are:   
1. Formation of an optical phased array (OPA) for laser beam steering  
2. Formation of optical true time delay (TTD) lines for phased array antenna 
The project involves several research groups from four universities led by our group, 
Professor Ray Chen’s Optical Interconnect Group. The full results of this project will be 
realized by the collaboration of several researchers. Thank to Prof. Chen, I have been 
able to get evolved in several other projects, such as slow light in photonic crystal 
waveguides and photonic device transfer on flexible substrate (please refer to the list of 
publications). However, my dissertation will be focused on on-chip large angle beam 
steering. This dissertation will report the results, which are primarily my contributions. In 
order to integrate my works, I will briefly mention other contributions of my teammates 
by explicitly referring to them. 
This thesis proposal reports my 2-year research results, including a two-dimensional large 
angle (>30○) optical beam steering system design for silicon nanomembrane-based 
implementation, fabrication and characterization of the beam steering device, and the 
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work that will be completed in next year. This chapter introduces the project, provides 
some background information and set the project goals.  
 
Optical Phased Array for Optical Beam Steering 
Optical beam steering systems started by mechanical beam directing and stabilization 
mechanisms. However, despite the accumulated technology in this field, mechanical 
beam steering for optical sensor systems and laser radar remains complex and expensive. 
In addition to have limited scanning speed (~KHz), such systems are incapable of rapid 
random pointing [1]. Optical phased arrays (OPAs) represent an enabling technology that 
makes possible simple, affordable, and lightweight laser beam steering with very precise 
stabilization, random-access pointing and programmable multiple simultaneous beams. 
OPA-based optical beam steering systems were first implemented using nematic crystal 
(LC) cells pioneered by Paul McManamon [1]-[3]. In Chapter 2, I discuss the limitations 
of LC OPAs with detailed explanations and the necessity of OPA implementation based 
on single mode waveguide arrays for both fast (~GHz) and large angle (>60○) steering. 
Figure 1.1 summarizes recently demonstrated single-staged OPA based optical beam 
steering systems performance in terms of maximum steering angle.  
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Fig.11.1, Maximum steering angle and center-to-center pixel spacing for various recent 
OPAs and the proposed OPA. 
Optical phased waveguide arrays (OPWA) are other implementation for OPA devices [4], 
[5]. In both cases of LC OPAs and OPWAs there is a theoretical limit for linearly phased 
uniform arrays. Figure 2.1 shows a schematic of a uniform phased array of K identical 
radiating elements uniformly spaced with a distance d between adjacent elements. In 
general, each element i is fed by a signal of amplitude and phase ai and ψi, respectively. 
However, in the case of OPAs, due to the limitations for precise control of the 
amplitudes, all elements are fed by the same amplitudes, a1=a2…=aK. If the input phase 
values ψi are given by 
 4
)sin()(0  diKki                  (1) 
where,  k0 = 2π/λ0, λ0 is the free space wavelength, the result of interference of all the 
array elements’ radiation form a wavefront propagating at an angle θ with the normal to 
the antenna array.  
 
Fig.21.2, Schematic of a phased array consisting of K elements. 
 









gd                 (2) 
The maximum steering angle is limited to the grating lobe free angular domain around 
θ=0○. The maximum steering angle dictated by the grating lobes versus the pixel spacing 
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normalized to the operating wavelength (d/λ0) is shown in Fig. 1. Chapter 2 is dedicated 
to a non-uniform array design that can provide large steering angle beyond this uniform 
array limit.  
We also note array elements need to be fed by known phase shifts. This requires an exact 
knowledge of the phase of each optical waveguide feeding an element prior to the phase 
shifter module. The most practical way is to use 1×K couplers to equally divide the 
output power of a coherent light source between the waveguides, whose signal are then 
phased shifted and then radiated by the array elements. This also requires an exact 
knowledge of the effect of the 1×K couplers on the phase of each optical channel. The 
theoretical studies on the output channel phases for multimode interference couplers 
(MMIs) and the effects of non-idealities on the output phase profile are discussed in 
Chapter 3. 
Another important factor in determining the maximum steering angle is imposed by the 
ability of phase shifter module of the beam steering system to provide the required phase 
shift. As can be seen in Fig. 1, some of the preciously presented uniform OPAs did not 
reach their theoretical steering angle potential, mainly due to the insufficient phase shift 
provided. The challenges of efficient phase shifters are discussed briefly in Chapter 4. 
Our final goal is to employ silicon nanomembranes for two dimensional optical beam 
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Chapter 2: Waveguide Arrays Design for Large Angle 
Optical Beam Steering 
Introduction 
 
Fig.32.1, A schematic of silicon nano-membrane-based OPA beam steering. 
 
Optical phased arrays represent an enabling technology that makes possible simple, 
affordable, and lightweight laser beam steering with precise stabilization, random access 
pointing and programmable multiple simultaneous beams.  Traditionally, optical beam 
steering has been achieved through mechanically controlled MEMS system [1] and liquid 
crystal (LC) based optical phased arrays (OPAs) [2]-[4]. Mechanical beam steering 
provides high steering efficiency and relatively large scanning angle. However, high 
precision rotating stages are required, which increase the device complexity and are not 
fast enough for high speed applications.  LC OPAs provide rapid random access steering 
without the expensive and complex mechanical systems [5]. However, LC OPAs suffer 
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from low steering speed (typically a few milliseconds response time) and limited steering 
angle (typically not more than 10○) [4]. A GHz optical beam steering system employing 
phased waveguide array was recently demonstrated with a maximum steering angle of 
about 6○ [6]. The important issue with phased array waveguides is the strong coupling 
between the adjacent waveguides when the waveguide spacing is reduced to about one-
half the operating wavelength, which is necessary for wide angle beam steering. 
Therefore, the optical coupling jeopardizes the side-lobe level and steering efficiency by 
imposing a lower limit on the waveguide spacing as will be discussed later in this paper. 
Other techniques such as beam steering with electro-wetting micro-prisms [7] and 
polymeric slab waveguide based thermally-induced beam steering [8] have response time 
in the order of tens of milliseconds.  
So far, the large angle beam steering systems have been based on multi-stage systems 
combining LC OPAs with holographic glass and birefringent prisms [5], for which, 
alignment and packaging are very challenging. 
In order to suppress the side-lobes at large steering angles, different unequally-spaced 
array structures were proposed [9], [10].  However, an unequally-spaced array realized by 
random placement of array elements [9] would not result in the optimum OPA 
performance. An array structure formed by gradually doubling the inter-element spacing 
along the array can suppress the side-lobes [10], but as we show, it severely reduces the 
steering efficiency. Additionally, the effects of optical radiator structure, finite fabrication 
accuracy and the achievable performance have not been investigated.  
In this paper, we report a technique to minimize the side-lobe-level (SLL) in unequally-
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spaced optical phased waveguide arrays (USOPWAs) while achieving a steering angle of 
±45◦ and avoiding the optical coupling by designing an unequally-spaced array composed 
of sub-arrays with non-overlapping grating lobes. By optimizing both the array structure 
and the individual waveguide structure, we present a design methodology for large angle 
optical beam steering with minimal performance dependence on the steering angle. 
Finally, we discuss the maximum performance achievable by USOPWAs and compare it 
with that of the other non-mechanical beam steering technique based on LC OPAs.  
 
Unequally-spaced Array Structure  
 












A schematic of a silicon nano-membrane-based OPA system is shown in Fig. 2.1. Similar 
to their microwave counterparts, linear optical phased arrays consist of 1D or 2D arrays 
of single-mode waveguides operating at the designated wavelengths. The far field 
radiation (R) of an optical phased waveguide array (OPWA) is determined by the 
individual waveguide far field radiation (S), or the “envelope”, as well as the array factor 
(A), R(θx,θy)=A(θx,θy)·S(θx,θy).  At a given direction determined by a unit vector r̂ , the 




















is the translational vector of the nth radiator position, βn is the input optical signal 
phase of the nth element, and λ is the wavelength. Beam steering can be done by 
changing the phase shift imposed on each array element. The total number of waveguides 
is N. 
 
Fig.52.3, (a) A schematic of the proposed (1D) USOPWA structure. Array factor 
diagrams for (b) M=2, N=32, q1=3, q2=4, s0=λ/2, (β2-β1)/q1=156
◦ and (c) M=4, N=32 




Consider a uniform 1D OPWA in the x-direction ( xnsdn ˆ

), as shown in Fig. 2.2(a). A 
criterion for determining the maximum inter-element spacing for the laser beam being 
steered to a given scan angle θx0 (measured as the angle to the Z axis in the XZ plane), is 






 .                                                                     (1) 
This means that the spacing (s) should not be greater than one-half the wavelength for 
wide scanning angles. Figure 2.2(b) shows the array factor of a uniform 1D OPWA with 
s= λ/2, and the beam being steered at θx0=60
○. 
Although this requirement can be easily met in the case of microwave phased arrayed 
antennas, it imposes a fundamental limit in the case of OPWAs. Since optical waveguides 
can not support modal sizes smaller than one-half the wavelength, s=λ/2 spacing between 
adjacent optical waveguide would result in severe waveguide optical mode coupling and 
therefore, far field pattern (R) distortion. 
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P  .                                                          (2) 
Now consider an unequally-spaced array consisting of M sub-arrays, where the sub-
arrays themselves are uniform arrays with spacing s1=q1s0, s2=q2s0…and sM=qMs, and qi 





 is the same for 
all sub-arrays, the main lobes associated with all the sub-arrays occur at the same angle. 
Then if the greatest common divisor (gcd) of every qi and qj (i≠j) is 1, no two sub-arrays 
will have a common grating lobe angle according to (2).  Thus, the main lobes of all the 
sub-arrays add up constructively, while there is no overlap between the peak grating 
lobes of each sub-array resulting in one a main lobe and some equi-ripple side-lobes. 
Although the side-lobe-level (SLL), defined as the ratio of the second largest lobe 
intensity to the maximum intensity (main lobe) [8], is 0dB for each sub-array, the total 
array factor can have a much smaller SLL.  
To illustrate the idea behind the USOPWAs, consider two uniform 1D arrays with s=3λ/2 
and s=2λ, for which the array factors are shown in Figs. 2.2(c) and 2.2(d), respectively. In 
each case there is at least one grating lobe in the array factor, and thus SLL=0. However, 
the grating lobes in Figs. 2.2(c) and 2.2(d) do not occur at the same angles and are narrow 
enough not to overlap. Placing these two uniform arrays along each other to form an 
unequally-spaced array with s0=λ/2, q1=3 and q2=4, reduces SLL to -6dB as shown in 
Fig. 2.3(b).  
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Fig.62.4, (a) A schematic of a silicon nano-membrane waveguide; the fundamental TM 
mode field profiles are shown in the inset. (b) A 2D unequally-spaced optical phased 
waveguide array. 
 
In fact, for narrow enough sub-arrays’ grating lobes, doubling the number of sub-arrays 
with non-overlapping grating lobes, can improve the SLL by 6dB. Obviously, the grating 
lobes corresponding to each sub-array can be arbitrarily narrowed by increasing the 
number of elements in each sub-array. Figure 2.3(c) shows the array factor of a 
USOPWA consisting of 4 sub-arrays with non-overlapping grating lobes. As will be 
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discussed later, the lowest SLL achievable by this technique can not be better than that of 
a uniform array with s=s0. For the USOPWA shown in Fig. 2.3(c), SLL decreases by 
increasing M, and finally saturates at the SLL of the far field diagram in Fig. 2(b) (SLL~-
14dB). 
 
Fig.72.5, (a) 2D far field radiation of the waveguide shown in Fig. 4(a) assuming 
W=500nm and H=350nm. (b) Horizontal (Enh) and vertical (Env) envelopes as functions 
of θx and θy, respectively. (c) and (d) variations of FWHM of Enh and Env [demonstrated 
in (b)], respectively, versus W and H depicted in Fig. 4(a). All the angles are in degrees 
and the envelope values in (a) and (b) are normalized. 
Here we formulate the non-uniform array design methodology: 
• N: the total number of radiators 
• M: number of sub-arrays 
• si: spacing in sub-array i, for i=1, 2… 
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• si=qis0 
– fabrication resolution<s0<λ/2 
– smallest possible integer numbers qi such that: gcd(qi,qj)=1 (i≠j), and 
q1<q2….<qM 
• s1>modal size. 
Note that s0 must be smaller than λ/2 in order to avoid overlapping sub-array grating 
lobes. However, the lowest value of s0 is determined by the fabrication process, or how 
precisely the waveguides can be placed in the array. In contrast, s1 does not depend on the 
fabrication process, but is constrained by the optical coupling between the waveguides; In 
other words, s1 must be large enough to avoid waveguide modal field profile overlaps. 
This condition automatically ensures no optical coupling in all the sub-arrays as well as 
the first one because s1< s2…< sM. 
For example, in the case of the waveguide shown in Fig. 2.4(a), a center-to-center 
spacing of 2.4μm~1.5λ (for single mode operating waveguide dimensions W and H < 
600nm at λ=1.55μm) diminishes the optical coupling between adjacent waveguides.  
Assuming, a fabrication resolution of 0.8μm [12], and therefore, s0=0.8μm, we set s1 and 
q1 to be 2.4μm and 3, respectively. For M=2 [Fig. 2.3(b)], based on the design 
methodology described above, q2=4. For M=4 [Fig. 2.3(c)], q2, q3 and q4 are calculated to 
be 4, 5 and 7. Note, that once q1 is calculated from s0 and s1, qi values (i>1) need to be 
integer numbers with no common divisor (rather than 1) with each other or q1 to avoid 
overlapping grating lobes. In addition, qi values should be the smallest integer numbers 
possible to avoid unnecessary increasing of the number of side-lobes associated with each 
 16
sub-array, which lowers the power efficiency (the ratio of the power radiated in the 
desired angle to the power radiated in all directions). Throughout the paper s1=2.4µm and 
λ=1.55µm are assumed. Note that the presented non-uniform array structure is the first 
technique to address the optical coupling problem and finite fabrication precision at the 
same time. 
The effect of modal size on the performance of an OPWA is two-fold. A lager modal size 
means narrower envelope and consequently, smaller allowable steering angles. Also, a 
larger modal size imposes a lower limit on the inter-element spacing in the array, and 
thus again, decreases the maximum allowable steering angles. The main importance of 
the proposed USOPWA design technique is that it allows the inter-element spacing in the 
array to be large enough to avoid coupling problems between adjacent waveguides, while 
at the same time still allowing large steering angles. In Section III we optimize the 
waveguide structure for the widest envelop at λ=1.55µm. 
It is worth mentioning that ultra-small modal sizes (modal size<<λ/2) in plasmonic 
waveguides would allow for large steering angles achievable by conventional uniform 
waveguide arrays. However, extremely high propagation loss (~0.3dB/µm) in plasmonic 
waveguides limits their applicability for practical devices [13], [14]. 
 
Optimized Waveguide Structure 
Silicon-on-insulator (SOI) is an important component of fabricating high performance 
optical devices due to the high refractive index difference between Si (n=3.45) and SiO2 
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(n=1.44). Fabrication of these single-crystal layers of Si on a buried oxide layer is 
commonly done using the Smart Cut method of hydrogen ion implantation. The ability to 
stack SOI layers may allow three-dimensional integration of optical devices. This can be 
accomplished through a number of methods. Alternating depositions of poly-crystalline 
Si and amorphous SiO2 can be used, but these growth techniques allow for grain 
boundaries and surface roughening that contribute to optical degradation [15]. Extension 
of the Smart Cut method by multiple hydrogen ion implantations has been performed by 
Malevill et al. [16] but it requires multiple high temperature anneals and can be 
prohibitively expensive. Nanomembrane transfer is a simpler approach that does not 
require high temperature anneals, and yet still provides heterostructures with single-
crystal Si films that contain high quality interfaces and low surface roughness [15]. In 
this method, multiple Si-nanomembrane OPAs can be stacked to allow 2D optical beam 
steering. Since 2D beam steering based on waveguide arrays requires 3D fabrication 
techniques, including stacking of layers of optical waveguide on top of each other, we 
assume a standard silicon process to estimate the performance of the USOPWAs (see Fig. 
2.4). 
A schematic of a silicon waveguide structure assumed here is shown in Fig. 2.4(a). A 
wider envelope allows for larger scanning angles. In order to calculate the envelope, we 
use Rsoft FEMSIM to generate the waveguide field profiles, and then we calculate the 
envelope 222  EEER   using [17]:  
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are the tangential electric and magnetic field components, and η=120π 
is the intrinsic impedance. The integrals are numerically computed over the waveguide 
cross-sectional plane. Also, note that yx  coscoscos   and 
yxx 
22 sinsin/sinsin  . Without loss of generality, we assume the waveguide is 
excited by the fundamental transverse magnetic (TM) input fiber mode, for which the 
main electric component is the y-direction [see Fig. 2.4(a) insets] [18]. 
A 2D far field radiation pattern (the envelope) is shown in Fig. 2.5(a). We define the 
horizontal [Enh(θx)] and vertical [Env(θy)] envelopes as the variations of the far field 
radiation pattern at θy=0
○ and θx=0
○, respectively [Fig. 2.5(b)]. Figures 2.5(c) and (d) 
depict the full-width-half-maximum (FWHM) of Enh(θx) and Env(θy), FWHM-h and 
FWHM-v, respectively, versus the waveguide width (W) and height (H). As the 
electromagnetic mode extents out of the waveguide area for nmHW 300 and  , the 
envelope becomes narrow (~40○ in both directions). In the case of the TM mode, the field 
profile extent in the vertical direction is more than that in the horizontal direction [see 
Fig. 2.4(a) insets]. Thus the envelope is wider in the horizontal direction than in the 
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vertical direction (FWHM-v<FWHM-h) [see Fig. 2.5(b)]. As the narrower envelope 
determines the worst case SLL and the power efficiency, the optimized waveguide 
dimensions should maximize FWHM-v, while maintaining single-mode condition, 
W,H<λ/Neff, where, Neff is the effective refractive index. From Figs. 2.5(c) and (d), we 
find that for W=500nm and H=350nm, the FWHM-h and FWHM-v values are 118○ and 
98○, which allow for about |θy|≤45
○ and  |θx|≤60
○ beam steering in the vertical and 
horizontal directions, respectively, with maximum 3dB envelope variations. Based on the 




If the waveguide is excited by a TE mode, all the above arguments hold true if we replace 
x by y and horizontal by vertical and vice versa. 
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Fig.82.6, Variations of the maximum figure of merit (F), the optimum M, power 
efficiency (PE), and side-lobe-level (SLL) versus N, in (a)-(d), respectively, for Design I 
(s0=800nm, q1=  01 / ss =3) and Design II (s0=50nm, q1=  01 / ss =48) for the beam steered 
at θ0y=45
○ and θ0x=0
○ and also non-steered beam (θ0y=0
○ and θ0x=0
○). The optimum M is 
the same for both steered and non-steered beams in (b). 
 
Optimized Array Design and Performance Analysis 
A 2D generalization of the proposed USOPWA is shown in Fig. 2.4(b). For 2D arrays, 
the array elements are arranged in the XY plane, and similar to 1D cases θx (θy) is the 
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angle to the Z axis in the XZ (YZ) plane. 
We consider two parameters to evaluate the performance of the USOPWA, SLL and the 
power efficiency (PE), which is defined as the power in the main peak to the power 
radiated in all angles. For a fixed total number of radiators (N), as the number of sub-
arrays (M) increases, the SLL decreases, however, since the overlap between the grating 
lobes of the sub-arrays increases, PE reduces. To find the optimum M that minimizes the 




F  .                                                                                 (4) 
Note that s0 is parameter determined by the fabrication process and therefore, we do not 
take it into account as an independent variable in the optimization process. PE can be 
numerically calculated by dividing the summation of the radiation field power within the 
FWHM of the peak in desired angle by the summation over the radiation field power in 
all directions.  
Now, we consider two designs, Design I: s0=800nm and Design II: s0=50nm. In each 
case, we let N vary, and we find the M value that maximizes F for the worst case scenario 
(main peak of the steered beam at θ0y=45
○ and θ0x=0
○). Note that 800nm and 50nm are 
conservative fabrication resolution assumptions for nano-imprint fabrication techniques 
and electron beam lithography, respectively [12]. The variations of F, the optimum M 
value, PE and SLL with N are shown in Fig. 2.6. The performance of Designs I and II for 
the non-steered beam is also depicted.  
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In Fig. 2.6(a) the curves corresponding to the steered beam, saturates as N increases, with 
some relatively small fluctuations. These fluctuations are due to the fact that any M value 
that is not a divisor of N is not acceptable. Therefore, as M fluctuates [see Fig. 2.6(b)] so 
does F. 
A smaller s0 allows for higher PE by reducing the number of grating lobes associated 
with each sub-array. Therefore, the performance of a USOPWA with a smaller s0 suffers 
less from the falling envelope at large angles [Fig. 2.6(a)]. Furthermore, the optimum M 
is higher for a smaller s0 as shown in Fig 2.6(b). Figure 2.7(a) shows that the degradation 
of PE from the non-steered beam compared to the worst case is only about 30% for both 
designs.  
As the SLL of the array factor is independent from the steering angle (θ0), degradation of 
the SLL with increasing the steering angle is mainly determined by the envelope. At 
small s0 values, the side-lobes are more concentrated around the main lobe and therefore, 
degradation of the SLL as the steering angle changes becomes less significant as shown 
in Fig. 2.6(d). For the non-uniform array structure presented in [9], our calculations show 
a PE of 0.016, indicating that SLL was decreased at the expense of severe PE 
degradation. Based on Fig. 6(a), the F curves of the non-steered beam saturate at around 
N=128 and N=64 for Design I and II, respectively. Figures 2.7(a) and (b) depict PE and 
SLL values versus the steering angle (θ0x=0
○ and varying θ0y) at these knee N values of 
the F curves ({s0=800nm, N=128, M=4} and {s0=50nm, N=64, M=8}). Table 2.1 lists 
the SLL and PE values for these two designs at different steering angles.  
Note that the steering efficiency, defined as the main peak intensity of the steered beam 
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to the main peak intensity of the non-steered beam [4], is more than 65% in both cases at 
θ0x=0
○ and θ0y=45
○. That is because in the case of USOPWAs, the dependence of the 
steering efficiency on the steering angle is merely due to the envelope. 
 
Fig.92.7, (a) and (b), variations of the diffraction efficiency and SLL versus the steering 
angle for the liquid crystal (LC) based beam steerer; the black dashed line is for the 
device (w=20μm, Lf=10μm and maximum angle of 0.23
○) from [3]; the blue solid line is 
the DE curve for the refractive-mode, high-Δn LC with optimized thickness and ideal 
phase profile (w=1.5μm, Lf=1.5μm, d=2.1μm, Δn=0.35) from [4]. Variations of PE and 
SLL for Design I (N=128, M=4) and Design II (N=64, M=8) with the steering angle in 
the vertical direction (θ0y) are depicted by the squared and the circled lines, respectively. 





Fabricating the basic waveguides is within the state of the art of current technology. That 
is, we need to pattern 350nm thick silicon single crystal with lines that are 500nm wide. 
For our application the required tolerance on the waveguide width variation is not yet 
completely understood but usually a waveguide width tolerance of wavelength (in the 
Si)/50 should be adequate. This comes to about 10nm so is just within the capabilities of 
nano-imprint fabrication techniques and present day optical lithography, respectively [12] 
and well within the capabilities of electron beam lithography (see, for example the 
current ITRS roadmap www.itrs.net/Links/2008ITRS/Home2008.htm). The spacing 
requirements depend on the value of so. We assume for now that the tolerance on spacing 
is about s/10.  For design I so has a value of 800nm so the spacing tolerance is easily met. 
For design II, which is the more desirable when side-lobe suppression is critical, this 
comes to 5nm so could be challenging. However center lines spacing is usually the 
easiest dimension to control because it is directly related to the interferometer on the 
stage of the mask making tool or, when using electron beam direct-write) of the electron 
beam tool. The required defect densities also should be reachable. The area of the 
waveguide array is less than that of current IC’s requiring more than 20 levels of 
patterned structure.  
Thus patterning a single layer waveguide array to meet the OPA requirements appears 
within the current state of the art although more analysis on the effects of dimensional 
imperfections is needed.  
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Making a multi-level structure such as that shown in fig. 4(b) might well be more 
challenging. It is similar to the problems presently being faced by those developing 3-D 
integrated cirtcuitry in that we need multiple levels of features made in device-quality 
single crystal silicon or germanium and embedded in SiO2. There are two scenarios. One 
in which there is active circuitry in the structure and one where there is not. The crucial 
difference is that in the former we are restricted to temperatures compatible with devices 
already in the assembly; this is usually about 400C.  The ability to employ higher 
temperatures in the bonding of multiple layers allows greater choice in the materials and 
processes used.  It may be necessary to employ some chemical mechanical polishing to 
assure sufficiently flat and planar surfaces. The other challenge, common to both 
scenarios, is the need to overlay accurately the different layers.  If we have only a 10nm 
tolerance then the problem becomes very challenging. Even achieving 100nm tolerance 
between levels is only just being approached by some of the groups pursuing 3-D 
integrated circuitry. Thus here again we need more understanding of the required 
tolerances in layer-to-layer overlay as well as continued effort on achieving nanometer 
scale overlay precision 
 
Comparison with Liquid Crystal based beam steering systems 
Another category of nonmechanical, low power and low size-weight laser beam steering 
systems is the liquid-crystal optical phased array (LC OPA), with typical ~KHz speed, 
proposed by McManamon [4]. In terms of speed, OPWA systems (GHz) can outpace LC 
OPA systems (KHz) by orders of magnitude [6]. However, there are several applications 
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for which LC OPAs are fast enough, such as laser radar, missile countermeasures, and 
free space laser communications [4]. Yet as mentioned before, limited steering angle is a 
remaining challenge for LC OPA laser beam steering. In every non-mechanical beam 
steering system proposed so far, as the steering angles increases, the appearance of the 
grating lobes increases the SLL and decreases the power efficiency. Proper voltage 
profile and electrode structure can increase the maximum steering angle of the LC OPA 
system. However, to what extent one can improve an LC OPA system performance has 
not yet been discussed. In this section we compare the theoretical performance of LC 
OPAs and USOPWAs at large angles. For LC OPAs, we consider the inevitable fly-back 
region, and assume an ideal linear phase profile and negligible fringing fields. For the 
USOPWAs, we consider both envelope and array factor effects, and assume an ideal 
phase distribution for the waveguides in the array. 
We can compare the PE defined above with the diffraction efficiency (DE) reported from 
[3] and [4] for the LC OPAs, since the DE is the ratio of the power in the desired 
diffraction order to the total diffracted power. Figure 2.7(a) shows the variations of DE 
for a device from [3] and a reported optimized design from [4]. For the optimized 
reflective mode LC OPA structure (LC layer thickness d=2.1μm), high birefringence 
(Δn=0.35), both pixel size (w) and fly-back region size (Lf) of 1.5μm, and an ideal phase 
profile out of the fly-back region [Fig. 7(c)] are assumed. The DE curves in Fig. 2.7(a) 
























               (3) 
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Where, q is the number of pixels between two resets. When the beam is steered to 30°, 
DE is degraded more than 90% compared to the non-steered beam (steering efficiency 
less than 10%). Note that here, we have neglected the fringing field effects that distort the 
phase profile, specially, in the case of 2D beam steering, where the distorted phase profile 
in one direction can affect the phase profile in the other direction. Moreover, we assume 
that the fly-back region is limited to one pixel, and does not affect the phase profile of the 
period after the reset. Rather than the DE degradation problem, the SLL is also severely 
degraded at large steering angles in LC OPA. Fig. 2.7(b) depicts SLL as a function of the 
steering angle for the two abovementioned LC OPAs.  
















I 128 4 114 -12.1 26.3 -8.5 18.0 -9.0 21.0 
II 64 8 300 -13.4 34.6 -9.4 23.4 -10.1 25.7 
 
 
In order to estimate the theoretical limits of the LC OPA performance, we assume, a 
reflective LC with Δn=0.5, w/d=0.5 and Lf=w (a valid assumption for small pixel sizes), 













 ,                                                    (4) 
Assuming q=4 and θ=30○, DE becomes 45%. Given that not more than ¾ of the power is 
radiated to the desired angle, the SLL will be no better an -6dB. Note that for w/d<1, the 
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phase profile strongly deviates from the ideal ramp and that reduces the DE. In addition, 
4 pixels are not enough to produce a desired phase profile. Therefore, the physical limits 
of the LC OPAs do not allow for an efficient beam steering at scanning angles larger than 
30○. Also, 1/2/ 20  qq  becomes larger as q decreases (at large angles), and 
fundamentally, beam steering with a resolution better than about 5○ is not possible at θ0 
more than 25○ using single stage LC OPAs. Figures 2.7(a) and (b) show that the 




 we presented an unequally-spaced OPA design for high-efficient large optical beam 
steering at 1.55μm, with minimal performance dependence on the steering angle. 
Assuming fabrication precision of 800nm and 128 array elements, we demonstrated a 
beam steering with a worst-case power efficiency and side-lobe-level of about 18.0% and 
-8.5dB during ±60◦ and ±45◦ 2D optical beam steering, which correspond to degradation 
of about 32% and -3.6dB, respectively, with respect to those of the non-steered beam. 
Increasing the number of array elements and smaller fabrication resolution can improve 
the performance. The OPA performance dependence on the steering angle is only due to 
the far-field pattern of single elements, which can be further improved using waveguide 
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Chapter 3: Output Formulation for Symmetric 
Multimode Interference Coupler 
Introduction 
Multimode interference (MMI) based devices have been widely used in photonic 
integrated circuits (PICs) as compact size passive components power splitters [1], [2], 90◦ 
hybrid couplers [3] and mode-matching stages [4]. MMI-based active devices such as 
optical switches [5], [6] and phased array multiplexers [7] have been theoretically studied 
and experimentally demonstrated. The interest in MMI based devices stems from 
properties such as compact size, low power imbalance, stable power splitting ratio, low 
cross talk, large optical bandwidth, and high tolerance to fabrication process [2], [8], 
which render such devices suitable for integration in PICs with complex passive networks 
including power splitters and signal routing. Compared to Y-branches, MMI splitters are 
smaller and benefit from scalability as the number of the output ports grows. 
Several studies investigated the quality of the output signals in MMI couplers based on 
power uniformity [3], [9] and image resolution [10]. Also, several techniques have been 
proposed to improve the signal quality, such as tapered multimode waveguide [11], 
graded-index waveguide [12] and deeply etched air trenches at the boundary of the 
multimode section [2]. In addition to power splitter, MMI coupler can be used in more 
complex photonic components where the phase of the output signal is also important, 
such as 90° hybrid couplers [3]. 
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In addition to power splitter, MMI coupler can be used in more complex photonic 
components where the phase of the output signal is also important, such as 90° hybrid 
couplers [3]and in high-speed phased array optical beam steering [13]. Despite the effort 
in investigating the power profile at the MMI output ports, there have been no studies on 
the output phase profile. In many applications, the knowledge of the phase pro file is 
important. The phase differences of MMI output ports can severely distort the 
performance of compact optoelectronic devices that employ a multimode waveguide 
region to generate several channels with linear phase profiles such as optical spatial 
quantized analog-to-digital converters [14] and GHz Optical beam steerers [15]. The 
knowledge of the MMI output phase profile will provide a means to apply appropriate 
phase shifts in order to attain the desired phase profile. 
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Fig.103.1, Schematics of 1 × N symmetric MMI coupler, (a) even N, (b) odd N. 
 
Symmetrically excited one-to-N MMI couplers are the most common power splitters in 
photonic circuitries, where the number of output ports has been reported from 2 to as 
large as 64 [16]. In this paper, we derive an analytical formula for the symmetrically 
excited MMI output phase profile, and compare the results with beam propagation 
simulations. Additionally, we report a complete description of the output field profile at 
the symmetric N-fold imaging length in ideal MMI couplers. Our analysis is most 
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accurate for high index contrast waveguides. However, image enhancing techniques, such 
as etched air trenches introduced to define the edges of the MMI coupler [2], make the 
presented analysis applicable to low index contrast waveguides, such as polymer based 
structures. Such etched air trenches reduce the lateral penetration depth into the cladding 
so that the effective width of all the guided modes is approximately the same as the actual 
width of the MMI coupler, and therefore improve the output power uniformity. Finally, 
we discuss the effect of this technique on the output phase profile, which determine the 
controllability of the output phased array. 
 
Multimode Interference Couplers 
Self-imaging is a phenomenon in multimode waveguides by which an input field profile 
is reproduced in single or multiple images at periodic intervals along the propagation 
direction of the guide [3]. This effect has been exploited in different MMI based 
structures. Several MMI coupler structures have been theoretically studied and 
experimentally fabricated [1]–[3], [9], [10], [16]. In Fig. 3.1 the multimode waveguide 
section consists of a W -wide core of refractive index nc, embedded in between cladding 
layers of n0. In the case of 3D waveguides, an equivalent 2D representation can be made 
by techniques such as the effective index method or the spectral index method [3]. The 
multimode section can support maximum M + 1 number of modes. For each mode p, the 
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where, βp is the propagation constant of the the pth mode, λ0 is a free-space wavelength. 
κyp is the lateral wavenumber of the pth mode, given as κyp = (p+1)π/We, where We is the 
effective width for mode m including the penetration depth due to the Goose-Hahnchen 











               (12)  
where, Lπ=π/(β0-β1)≈4ncWe
2/3λ0. Given the orthogonality of the propagating modes, any 









              (13) 
where cp is the excitation coefficient of the pth mode by the given input field profile, 
calculated as the overlap integrals of the pth mode and the input field profile [3]. Each 
excited mode accumulates phase shift according to its propagation constants and 





































          (14) 
At L =3rLπ with r =1, 2, ..., all the exponential terms in (4) becomes in-phase with one 
another and a single image of the input field profile is formed. Generally, an N-fold 
image of the input field profile is formed At L =3Lπ/N. In the case of symmetric 
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excitation, Φ(y,Z =0) =Φ(y,Z =0), only the even modes p =2m, for integer m, are excited. 
This type of excitation can be realized by a symmetric input filed profile fed to the center 
of the multimode waveguide Fig. 3.1. This has been known to result in short 1xN 
couplers, where N is the number of output ports [3]. The required length for such a 
coupler is given as which is four times shorter than the general case. L =3rLπ/4N, r 
integer. 
In the case of 1xN couplers, the output power is ideally designed to be equally divided 
among the output ports and therefore, the field amplitude at the output ports is 1/√N. In 
reality, however, the approximation in (2) becomes inaccurate especially for the higher 
order modes in low refractive index contrast waveguides. In these cases, the Goose-
Hahnchen effect becomes mode dependent and the accumulated phase shift of each mode 
































           (15) 
for the N-fold imaging length L =3rLπ/N [9]. The existence of these modal phase errors is 
inherent in the dispersion law of the dielectric slab waveguides. Additional phase errors 
happen when the observation plane is shifted away from the paraxial plane [10]. In the 
case of the symmetric excitation, the accumulated phase error at the N-fold imaging 
length is Δψp/4. This error would result in non-uniformity in the output power 
distribution. The phase profile of the output ports and the effect of non-ideal effects on 
the output phase profile have not been investigated. In the next section we derive a closed 
form formula for the output field profile. 
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Symmetric MMI Coupler Phase Profile 
Consider the 1xN MMI coupler shown in Fig. 3.1. In order to analyze the output 
properties, such as image resolution, contrast, etc, Ulrich and Kamiya approximated the 
multimode waveguide propagating modes field profiles with cosine functions, 
),cos()( yy ypp                 (16) 
which allowed them to apply the Fourier transform properties to the field presentation in 
[10]. In this paper we adopt the same technique to take the position (in the y-direction) of 
the images formed into account.  
Consider one of the N images of the input field at an N-fold imaging length and shifted in 













 , assuming uniform power 
distribution. As shown in Figs. 1(a) and (b) for the N images formed at the output ports 
the lateral shifts of the position with respect to the input image are yq =±We/2N, 
±3We/2N..., ± (N-1)We/2N for even N, and yq =0, ±We/N, ±2We/N, ±(N-1)We/2N for 
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for odd N. In (7) and (8), the symmetry of the structure have been taken into account by 
letting θ-q = θq. We can simplify (7) and (8) using the trigonometric identity cos(a+b)= 
cos(a)cos(b)-sin(a)sin(b). We also note that when the multimode waveguide is 
symmetrically excited, only the even modes of the multimode region are excited, and 
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for odd N. We can also rewrite the field profile from (4) at a symmetric N-fold imaging 














jycLy             (21) 
Note that we have dropped the common factor exp(-jβ0L0), for simplicity, but we will add 
it back later. Using the reciprocity law for quadratic Gauss sums we can show that in the 
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             (24) 
for q = 0, 1..., N/2-1, where q is assigned to the output ports as shown in Fig. 3.1(a). Note 
that the phase profile is symmetric with respect to the line y = 0.We can identify that the 
phase profile has a propagation accumulated phase term, a constant term depending on 
the number of output channels, which is the same for all the channels, and a term that 
quadratically depends on the channel number (starting from the middle of the 
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              (26) 
for q = 0, 1, ...(N - 1)/2, where the q values are assigned to the output ports as shown in 
Fig. 1(b). Again, the phase profile is symmetric with respect to the line y = 0. Although 
the discussion in this paper is based on dielectric waveguides, similar results are expected 
in the case of self-imaging in other waveguiding structures, such as multimode photonic 
crystal waveguides, which can be realized by removing several periods in the transverse 
direction [17]. 
 
Simulation Results and Discussion 
In order to investigate the MMI structure output phase we performed 3D semi vectorial 
beam propagation method (SVBPM) simulations using the BeamPROP module in RSoft 
CAD. Figure 3.2(a) shows the field propagation profile of a 1-to-6, Si/SiO2 MMI coupler. 
The refractive indices of the core and cladding layers are nc = nSi =3.47 and n0 = 
nSiO2=1.45, respectively. A cross-section diagram of the multimode waveguide is shown 
in the inset of Fig. 2.2(c). The input and output ports consist of waveguides with 2.5μmxh 
cross-sections, where h =0.25μm is the thickness of the multimode waveguide [Fig. 
3.2(c) inset]. In order to compare the BPM simulation results with the analytical formula 
derived in the Section III, we take one of the middle output ports (for even N) [port 
number 3 in Fig. 3.2(a)]. 
to be phase reference, for which the phase is set to 0. Figure 3.2(c) compares the output 
phase profile from the BPM simulations with that calculated using (14). 
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Note that the high core/cladding layers refractive index contrast in the Si/SiO2 MMI 
coupler results in well-defined edge along the length of the multimode waveguide. In 
order to investigate the phase profile in case of low refractive index contrast, we 
simulated a polymer waveguide structure composed of ZPU12-RI series polymer 
materials from ChemOptics [2], where the core and the cladding layers are ZPU12-460 
(nc =1.46) and (ZPU12-450) (n0 =1.45), respectively. For this MMI structure, with input 
and output waveguides of 5µm×h cross-section and h =5µm. This MMI structure is 
adopted from [2] with no air trench along the multimode waveguide. Figure 3.2(b) shows 
the field propagation profile of the ZPU12-RI MMI coupler and Fig. 3.2(c) compares the 




Fig.113.2, Beam propagation simulation results , (a) field propagation profile at x =0for 
the Si/SiO2 MMI with N =6, W =30μm L =325μm and h =0.25μm, (b) field propagation 
profile at x =0for the ZPU12-RI MMI with N =6, W =60μm L =625μm and h =5μm. (c) 
Phase profile from Beam Propagation Method simulation of the MMI structures in (a) 
and(b) and the ideal phase profile form the analytical model with q values shown in (a). 
A cross-section diagram of the multimode waveguide is shown in the inset of (c). 
 
Table I compares the BPM simulation results with the analytical calculations for several 
Si/SiO2 and ZPU12-RI MMIs with output number varying from N =3 to N =12. In the 
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case of Si/SiO2 MMIs, the MMI width W = Nx5μm and the MMI height h =0.25μm. In 
the case of the ZPU12-RI MMIs, W=Nx10μm and h =5μm. In all cases the MMI  length 
is L =3Lπ/4N , and the input waveguide is excited by a TE-polarized mode. λ0 =1600nm 
and Δx =Δy =Δz = λ0/ (20ncore) .The output ports that correspond to q =0 are taken as the 
reference, for which the phase is zero. According to Fig. 1, for the middle output port in 
the case of odd N values and for the two equivalent output ports in the middle in the case 
of even N values q is 0.  
 
Fig.123.3, The average output phase profile error of the Si/SiO2 MMIs, ZPU12RI MMIs 
without air trenches and ZPU12-RI MMIs with air trenches with respect to the analytical 
model. 
In the case of the Si/SiO2 MMIs, the output phase values are within about 1○ of the 
calculated values from the analytical models in (14) and (16). In the case of the ZPU12-
RI MMIs, the average phase profile error with respect to the analytical models is about 
5◦. This error can be attributed to modal phase errors expressed in (5), and also the 
deviation of the modal field profiles [φp(y)] from the cosine-shape functions as the 
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penetration of the evanescent field into the cladding layers is more in lower refractive 
index contrast waveguides. The modal phase errors are the main cause of non-uniformity 
in the output amplitudes [9], [10]. Table I indicates that the output phase deviates more 
from the ideal self-imaging guide analytical model as the output port is shifted away from 
the paraxial plane (y =0). Therefore, the main source of errors in the phase profile is the 
deviation of the modal field profiles from the cosine-shape functions. In fact, for large N, 
the output phase values for the ports in the middle of the MMI structure are almost the 
same as those in the Si/SiO2 MMIs and ZPU12RI MMIs.  
Wang and Chen showed that etching deep air trenches along the multimode waveguide to 
define the edges of the MMI coupler substantially reduced the lateral penetration depth 
into the cladding in the case of low contrast refractive index structures [2]. Therefore, the 
effective width of all the guided modes is approximately the same as the actual width of 
the MMI coupler. Hence, the presence of air trenches improves image quality. In order to 
investigate the effect of such air trenches on the output phase profile, we simulated the 
same ZPU12-RI MMI structures but with air trenches along the multimode waveguide 
sides using the 3D SVBPM simulator. The resulted output phase values are presented in 
Table I. Introducing the air trenches specially improves the modal field profiles away 
from the paraxial plane and therefore, correction in the output phase values is more 
significant in the outer ports (large q) compared to that of the ports in the middle (small 
q) of the MMI structure.  
Figure 3 illustrates the average output phase error of the Si/SiO2 MMIs, ZPU12-RI 
MMIs without air trenches and ZPU12-RI MMIs with air trenches with respect to the 
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analytical model as the number of outputs changes from N =3 to N =12. In the case of the 
PU12-RI MMIs with air trenches the output phase of the middle ports are close to the 
ideal values at large N values, similar to the PU12-RI MMIs withair trenches. Therefore, 
the correction of the output phase of the outer ports by introducing the air trench, results 
in a smaller average output phase profile error as the N increases.  
 
Summary 
We derived analytical formulations for the output phase profile of symmetrically excited 
one-to-N multimode interference couplers. We showed that the output phase increases 
quadratically from the middle of the MMI waveguide, which needs to be taken into 
account for phase-dependent applications such as optical phased arrays. We compared the 
analytical calculations with the results of beam propagation simulations for different 
MMI structures and found that the effect of the penetration of the field into the cladding 
layers at the side walls was more than the modal phase errors on the output phase profile. 
However, even in the case of low refractive index contrast of Δn =0.01, the output phase 
was within the 10° intervals from the predicted values. 
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Table23.1, closed-form analytical formulation results vs. BPM simulations. All the 
numbers are in degrees. 
 
Proof I: Proof for even N 
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Note that y in (17) is an independent variable. Therefore, in order to prove (17), we need 
to show that for every m, the coefficients of )(2 yC mm  on the left and right sides of (17) 
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exp        (22) 
Consider a set of integer numbers {m-K+1, m-K+2…,m+K}. Regardless of m, this set imodules 2K is 
exactly the same as {0, 1…,2K-1}mod(2K). it can be easily shown that if ba  mod(2K), then 
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22 ba  mod(4K),  hence )4/2exp()4/2exp( 22 KbjKaj    or 
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Therefore, we have proved (18) and consequently (17). 
 
Proof II: Proof for odd N 
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Similar to the case of even N, since y in (17) is an independent variable, in order to prove 
(29), we need to show that for every m, the coefficients of )(2 yC mm on the left and right 
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Consier rKnq  )12( , KqK   and Kr 20  . Then, 
)12mod(}{)12mod(}{  KqKmq  with the same set of residuals {r}, for every 
integer m. In addition, )12mod(}122{  Kmq is the set of {2r+1}. Therefore, Zm   
and }{qq , }{qr  so that 2m+2q+1=2p(2K+1)+(2r+1) for some integer p. Thus, we 
can write 
22 )12()]12()12()[12(4)122(  rrKpKpqm         (36) 
Also not that p[p(2K+1)+(2r+1)] is always ever. Thus,  2)122( qm  
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Now consider the Gauss Quadratic Reciprocity law Zzcba  ,,, , 0ac  and even 












































j         (38) 
Let 1, ba , rz   and 12  Kc , we can say 22  Kbac is always even, therefore, 
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Chapter 4: 1xN Multimode Interference Beam Splitter 
Design Techniques for On-Chip Optical 
Interconnections 
Introduction 
On-chip optical interconnections are being considered as a solution for the looming 
interconnection bottlenecks of limited bandwidth and large latencies. A network of on- 
chip optical interconnects in integrated photonic circuits (PICs) needs efficient optical 
beam splitting and beam shaping components as building blocks.  
The self-imaging properties of multimode optical waveguides have been utilized in NxM 
multimode interference (MMIs) couplers. The theory of self-imaging in multimode 
optical waveguides has been the subject of several studies [1-6]. The resolution and 
contrast of the images formed in the multimode waveguide determine the uniformity and 
insertion loss (or equivalently the total transmitted power) of MMI splitter devices [1]. It 
has been shown that 1xN MMI couplers with large number of outputs (N) normally result 
in poor output uniformity and high insertion loss [2]. It has been shown that optimizing 
the core/cladding index contrast [2, 3] can improve the MMI performance.  
A design methodology is required for on-chip high performance MMIs for which the 
choice of tuning index contrast is not an option. Additionally, despite the advances in 
computer aided design (CAD) tools for integrated electronic components, there has been 
little work on design tools for on-chip optical components. We aim to find design rules 
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that can be reliably used for on-chip efficient beam splitters without the need for time-
consuming and computationally expensive simulations for each individual component. 
By analyzing the phase errors in symmetrically excited 1xN MMIs due to deviations in 
the high order mode dispersion relations from those required for ideal self- imaging, we 
derive a relation for the maximum number of output channels for a given MMI width that 
can still result in an acceptable MMI performance. 
 
Silicon nanomembrane based optical devices in silicon-on-insulator (SOI) substrates can 
be integrated with silicon electronics using techniques such as localized substrate 
removal [7]. Localized Oxidized Silicon-On-Insulator from bulk silicon has been also 
used as potential platform to integrate silicon photonics and electronics [8]. We designed 
and fabricated several MMIs based on silicon nanomembrane rib waveguides. 
Experimental results show that the analytical formulas derived in this paper can be used 
as guidelines for on-chip MMI designs. Therefore, the presented design methodology can 
be easily implemented in computer aided design (CAD) tools. 
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Fig.134.1, (a) A schematic of a 1xN MMI beam splitter. Inset is a cross sectional 
schematic of the SOI waveguiding structure. nSi=3.47, nSiO2=1.45, nSiO2(PECVD)=1.46. (b) 
Relative modal propagation constant (βm) when evaluated using Equation (2) for 
WMMI=30μm and λ0=1.55μm for different silicon nanomembrane thicknesses (h) and bulk 
silicon (infinite h). A schematic of the waveguide structure cross-section is shown in the 
inset. 
 
Maximum Number of Output Channels 
Figure 4.1 shows a schematic of a 1xN MMI splitter. The multimode waveguide section 
consists of a WMMI wide and LMMI long core with refractive index nc. In the case of 
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channel waveguides, an equivalent 2D representation can be made by techniques such as 
the effective index method or the spectral index method [7]. Assume that neff is the 
effective index of the fundamental mode of an infinite slab waveguide with same 
thickness and claddings. For each mode p (0≤p≤M) of a MMI, that can support (M+1) 

















xpm                (1) 
where, βm is the propagation constant of the m
th mode, λ0 is the free-space wavelength. 
Κxm is the lateral wavenumber of the m
th mode given as κxm = π(m+1)/We, where We is the 
effective width including the penetration depth due to the Goose-Hahnchen shift [4]. We 
use the effective width for generality, however, due to the high index contrast, We=WMMI 
is a good approximation in silicon photonics. neff,1D is the effective index of the 
fundamental mode of an infinite slab waveguide with same thickness and claddings from 
the effective index method. In the theory of self imaging, βm is approximated from 











                 (2) 
where, Lπ=π/(β0-β1)≈4neff,1DWe
2/3λ0. In the case of symmetric excitation, such as a 1xN 
coupler excited by the fundamental mode of the input waveguide, using the 
approximation  in Equation (2), one can show that the required length for such a coupler 
is LMMI =3iLπ/4N, where i is an integer. 
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This approximation results in errors as shown in Fig. 4.1(b). Interestingly, as the 
thickness of the silicon nanomembranes is reduced, the error approximation becomes less 
accurate. Therefore, addressing the induced phase errors is more critical in rib silicon 
waveguides than in the case of ridge waveguides, such as the ones investigated in [9]. 
When using Equation (2), the error in the calculated propagation constant can be 
estimated by the third term in the Taylor Expansion of βm, given by Equation (1) as 
Δβm≈2(κxmλ0/4πneff,1D)
4. After propagating along the MMI, the resulting modal phase 















                         (3) 
For a high quality image, we restrict the maximum Δφm to π/2, which gives q, which is 
the maximum allowed mode number (p). In this way, we eliminate the modal phase 
errors that result in modal field signs. We choose Ww so that the highest order mode 
excited in the multimode region can satisfy this restriction. To do so, we pick Ww to be 
equal to the lateral wavelength (2π/κxq) of the highest allowed mode given by Δφm<π/2. 
This also guarantees negligible excitation of all higher order modes since several periods 
of these modes fall within the input excitation field and the resulting overlap integrals are 











                (4) 
The Ww,min decreases as N increases. This is due to the fact that MMI’s length decreases 
linearly with increasing N. Therefore, the accumulated phase errors Δφm= LMMIΔβm are 
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also reduced with increasing N. Increasing access waveguide width for improving MMI 
performance was proposed in [9] without any notes on how wide the access waveguides 
should be. Equation (4) gives the minimum Ww for an acceptable MMI performance in 
terms of the insertion loss and output uniformity. 
 
Fig.144.2, (a) Variation of the maximum number of the output channels versus MMI 
width. (b) Variations of the optimum channel width for 1xNmax MMIs versus MMI width.  
 
We note that that the output channel-to-channel spacing is We/N. Therefore, we can 
derive an upper bound on the maximum number of channels for which the image quality 



















eWnN                  (5) 
The result is quite general (optimistic) and gives an upper bound for Nmax for any 


















e                (6) 
where smin depends on the waveguiding structure and is the minimum required side-to-
side spacing between the output waveguides to avoid channel-to-channel coupling and/or 
required by the geometrical restrictions of the devices connected to the MMI’s output 
channels, as well as the limitations of the fabrication technique.  
Figure 4.2(a) shows Nmax as a function of WMMI for smin=0 [Equation (5)], smin=0.5μm and 
smin=1.0μm. neff,1D=2.85, which corresponds to h=230nm at λ0=1.55μm in Fig. 4.1(b) 
inset. The smin=1.0μm is chosen to avoid optical coupling in thin silicon rib waveguides 
of the MMIs’ outputs and also to minimize the effects of the proximity effect during the 
e-beam writing as presented. Fig. 4.2(b) demonstrates variations of Ww,min versus WMMI 
for an MMI with Nmax output channels.  
From Equation (5), Nmax is a sub-linear function of the WMMI even in the most optimistic 
case, where smin=0. This is also evident from Fig. 4.2. In other words, if an MMI design 
with WMMI and N results in a good MMI performance, in general, an MMI design with 
RWMMI and RN does not necessary exhibit a good performance, where R is an integer 
number equal or greater than 2. This is an important consideration for scalability of MMI 
based devices. 
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Equations (4) and (5) guarantee good MMI performance without a need to apply the other 
performance enhancing techniques such as index contrast tuning [2, 10], multimode 
section input taper [3], or LMMI and output access waveguide position optimization [11]. 
We will investigate this claim using eigenmode decomposition based simulations in 
Section III and rib waveguide MMIs’ in Section IV. 
Table34.1, 1xN MMI based optical beam splitters’ length and channel width dimensions 









6 30 276 2.16 2.16 
8 30 207 2.02 2.02 
10 30 166 1.91 1.91 
12 30 138 1.83 1.50 
14 30 118 1.76 1.14 
16 30 104 1.70 0.88 
 
 
Simulations and Discussions 
In order to investigate the effect of Ww on the quality of the N-fold self-imaging we used 
the eigenmode expansion (EME) simulator in the FIMMPROPTM module from Photon 
Design. The EME method is based on a rigorous solution of Maxwell’s Equations, and 
therefore the results approach the exact solution for a large number of modes in the 
expansion. The algorithm is inherently bi-directional and fully vectorial [13]. We 
assumed SOI substrate as shown in Fig. 4.1 inset, where the thickness of the silicon slab 
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is h=230nm nSi=3.47, nSiO2=1.45, nSiO2(PECVD)=1.46, and neff,1D=2.85. Throughout this 
paper λ0=1.55μm.  
Let us consider MMIs with WMMI=30μm and with required smin=1.0μm and different N 
(See Table I).  The maximum number of outputs for which [Fig. 4.2(a)] high quality self-
imaging of the input is possible is Nmax=11. For any N>11, the condition Ww,min< We/N-
smin cannot be fulfilled. In other words, Ww is forced to be smaller than the Ww,min value 
from Equation (4), as indicated in Table 4.I.  
Figures 4.3(a-f) show the output field [abs(Ex)] profile of 1x6, 1x8, 1x10, 1x12, 1x14, 
and 1x16 MMIs, respectively. Figures 3(g) and (h) show the insertion loss and the output 
uniformity, respectively. Insertion loss is the ratio of the total output power to the input 
power. Uniformity is calculated as 10log(Pmin/Pmax), where Pmax and Pmin are the 
maximum and minimum power (norm of the fundamental mode) of the MMI output 
channels, respectively. In our simulations we let 75 modes to propagate in the multimode 
section. We noticed that increasing the number of modes resulted in less than 0.1% 
difference in the calculated insertion loss and uniformity values. 
Figure 4.3 shows that as N increases, the degradation in the MMI performance is minimal 
as long as Ww= Ww,min. However, as Ww becomes increasingly smaller than the required 
Ww,min, the MMI performance is rapidly degraded due to increasing phase errors 
discussed before. One can note that the predicted Nmax=11 from Equation (6) corresponds 
to the “knee point” in both the output uniformity and insertion loss versus the number of 




Fig.154.3, (a-d) abs(Ex) at the MMIs’ outputs in the middle of the output channel (height-
wise). (e) Total (all channels) output power (normalized with respect to the input power) 






Fig.164.4,  SEM pictures of the fabricated SOI-based MMIs (a) 1x6, (b) 1x8, (c) 1x10, 
(d) 1x12, (e) 1x14, and (f) 1x16. (g) a picture of the entire chip showing different MMI 
devices. The input s-bends and the fanned-out output channels are on the bottom and top 
sides of the chip, respectively. 
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Experimental Data from Rib Waveguides  
We fabricated 1x6, 1x8, 1x10, 1x12, 1x14, and 1x16 MMIs MMIs (WMMI=30μm) with 
Ww and LMMI values shown in Table I. The MMIs are fabricated on a silicon-on-insulator 
(SOI) substrate with 3µm buried oxide layer (BOX) and 250nm top silicon layer. Light 
oxidation creates a 45nm top oxide layer that will serve as an etch mask. This oxidation 
consumes 20nm of silicon, giving a final silicon layer of 230nm. The MMIs are patterned 
using a JEOL JBX600 electron beam lithography system, followed by an HBr/Cl2 based 
reactive ion etching (RIE) and plasma-enhanced chemical vapor deposition (PECVD) of 
a 1µm thick silicon dioxide film for the top cladding. The refractive index of this PECVD 
cladding film was found to be nPECVD=1.46. 
All the input and output channels are tapered to 2.50μm to match the output coupling 
lensed fiber. There is an s-bend before each MMI input to avoid background noise from 
the input fiber during characterization of the output channels’ near field. The output 
channels are fanned out for 30μm center-to-center separation so that we are able to 
capture clear images of the near field at the output waveguide facets using a 10X IR lens. 
SEM pictures of the fabricated MMIs and a picture of the SOI chip are shown in Fig. 4.4.  
Transverse-electric field from an external cavity tunable laser source is coupled into the 
input waveguides through a tapered and lensed polarization maintaining fiber (PMF). A 
CCD camera, connected to a tunable magnification IR lens (max 10X), captured top-
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down images of the scattered light at the cleaved output waveguide facets as shown in 
Fig. 4.5.  
In order to characterize the MMIs’ performance, a single-mode output fiber is scanned at 
output side across each output channel cross-section for maximum output coupling. At 
least two samples of each MMI are tested. The results of the fiber-scanning 
measurements are summarized in Figs. 4.3(g) and (h).  
As shown in Figs. 4.3(g) and (h) and Figs. 4.5(a-f), the MMIs’ performance rapidly 
degrades with the number of output channels for N>11. Therefore, experiments also 
validate the theoretical predictions. 
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Fig.174.5, Top-down IR-images of MMI outputs waveguides’ facets for (a) 1x6, (b) 1x8, 
(c) 1x10, (d) 1x12, (e) 1x14, and (f)1x16. The channel-to-channel separations at the 
output facet is 30μm is all cases.  
 
Summary 
We derived a design rule for the maximum number of output channels of multimode 
interference based beam splitters. Highly accurate eigenmode expansion simulations 
confirmed the analytical relations for the maximum output channel number. Optical 
characterization of MMI beam splitter devices fabricated on SOI using silicon 
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nanomembranes experimentally demonstrate the validity of the theoretical predictions for 
maximum output channel number. Equations (4-6) can be used as a guideline for high 
performance on-chip optical beam splitter design. 
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Chapter 5: Silicon-on-Insulator Based Implementation 
for OPA 
Optical Circuit Design and Simulations 
The goals of the first phase of the MURI project include demonstration of a silicon 
nanomembrane based large angle (>60○) optical beam steering. Such steering system 
requires optical passive components and active phase shifters. Passive optical 
components have been designed for a silicon-on-insulator (SOI) implementation. The 
buried oxide layer and the silicon layer are 3μm and 260nm thick, respectively.  The 
optical passive components are 
1) 1x12 multimode interference (MMI) coupler 
We have completed design, fabrication, and optical characterization of the 1x12 MMI 
coupler as explained previously (D. Kwong et al, Elec. Device Lett., 2010). In summary, 
this is the first large output MMI demonstrated on silicon nanomembrane 
(thickness=230nm, MMI width=60μm, MMI Length=553.4μm, access waveguide 
width=2.6μm). The resulting is a 1x12 MMI with less than 1dB insertion loss and better 
than 0.7dB output uniformity. The characterization was performed by both near field 
imaging from the output waveguide facet edges, and output fiber scanning. 
2) Multimode-to-singlemode and waveguide tapers 
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The MMI outputs are 2.6μm. This is the optimum access waveguide width as explained 
previously. The access waveguides’ widths need to be tapered down to 0.5μm for single 
mode operation (A. Hosseini et al, Optics Lett., 2010). After the tapers, the single mod 
waveguides are elongated to accommodate for the active phase shifters. The passive 
phase shifters follow next, which compensate for the MMI output phase profile (A. 
Hosseini et al, IEEE J. of Sel. Topics in Quant. Elect., vol. 16, no. 1, 61-69, 2010) and 
also the output s-bends that change the separation of the uniform waveguide array to that 
of the non-uniform array at the output. 
3) 12-element non-uniform array 
For the single layer prototype, we designed a non-uniform design (A. Hosseini et al, 
IEEE J. of Sel. Topics in Quant. Elect., vol. 15, no. 5, pp. 1439-1446, 2009). The first 
prototype consists of 3 sub-arrays. Each sub-array is a uniform 4-element array. The 
center-to-center separation in each sub-array is 2λ, 2.5λ and 3.5λ, where λ=1.55μm is the 
operating wavelength. The total array size is 46.5μm. 
In Chapter 2, it was shown that the uniform array enter-elements spacing ( nm800~2/ ) 
between adjacent optical waveguide required for large angle beam steering is prohibited 
by the fact that strong optical coupling between close waveguides severely distorts the 
signal. Therefore, we switch to a non-uniform array at the penalty of larger side-lobe-
levels (SLL).  SLL can be decreased by increasing the number of array elements. Here, to 
start with, we choose N=12, which is the smallest N that can provide SLL better than -
6dB at θ=0○.  
The shortest spacing between the array waveguides is s1=3.1μm, which has been selected 
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to be large enough to avoid optical coupling.  
 
Fig.185.1, Far-field radiation pattern at θ=0○ and θ=60○ for a 12-element uniform array of 
λ0/2 spacing and the designed non-uniform array with 3 sub groups of each 4 array 
elements.  
 
Figure 5.1 compares the array performance of the non-uniform array design with that of a 
uniform array with the same number of elements (N=12) and spacing of 0.775μm. The 
uniform array, though physically impossible to be implemented, provides better SLL as 
expected. It also provides better power efficiency (PE) defined as the ratio of the power 
inside the main lobe to the power radiated in all the angles. However, the non-uniform 
array is superior in terms of the beam-width due to its total larger size. An important 
observation is that although the non-uniform array has a much worse PE compared to that 
of the uniform array, the power radiated unit length inside the main lobe is almost the 
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same in both cases due to the much smaller beam width of the non-uniform array.  
It is necessary to ensure that whenever no voltage is applied to the phase shifters, the 
beam is directed at θ=0○. This means that without the operation of the phase-shifters, all 
the channels must be in-phase, or all the array elements must be fed with the same phase. 
 




Fig.205.3, Beam propagation simulation of the optical circuit shown in Fig. 5.2. 
 
The non-uniform array is obviously a non-symmetric structure and this means that no 
symmetric optical circuit can be used and therefore, and any feasible optical circuit 
design would feed the array elements without a uniform phase. The extra waveguiding 
paths added to different channels for in-phase excitation constitute the passive phase 
shifters.Figure 2 shows the layout of the optical circuit design. The zigzag shaped bends 
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are passive phase shifters to compensate for the quadratic MMI output phase profile, 
which was investigated in Chapter 3, and also for the asymmetry in the structure. Figure 
3 shows Beam Propagation simulation of the optical circuit using the BeamProbTM from 
Rsoft Photonics. Different sections of the optical circuit are labeled in Fig. 3. In order to 
accommodate the phase shifters, the section between the tapered waveguide array and the 
zigzag S-bends is elongated in the final mask implementation. 
 
Fig.215.4, Cross section (X-Y) electric field (Ex) profile at the non-uniform array part of 
Fig. 5.3. 
 
In order to make sure that the uniformity of the power distribution in all the channels, we 
investigate the output power in each channel. Figure 4 shows the field profile (Ex) at the 
output of the non-uniform array section. Uniformity is defined as  
 ./10 maxmin PPLogUniformity                (1) 
In Fig. 5.4, uniformity is -0.6dB, which confirms that the optical coupling between 
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channels and the bend losses are negligible.  Figure 5 demonstrate the frequency response 
of the designed OPA in terms of the insertion loss 5.5(a), output power uniformity 5.5(b), 
and output phase uniformity 5.5(c-d). Note that the insertion loss and output uniformity 
are determined by the 1x12 MMI coupler. The output phase in determined by both the 
1x12 MMI coupler and the s-bends.  
 
Electrical Circuit Design of the phase shifters 
The active control of the phase shift in each individual channel can be done is several 
ways by changing the refractive index and therefore the accumulated phase at the end of 
each channel. Depending on the waveguiding structure, electro-optic effects (Pockel’s 
effect and Kerr effect, plasma dispersion effect) and thermo-optic effect can be chosen 
for phase control. In the first phase of the project, we have decided to use the thermo-
optic effect because of the ease of fabrication. Each phase shifter is a metallic wire placed 
near the silicon waveguide to heat it up depending on the voltage applied to its two ends. 
Also there is no need for doping anymore.  
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Fig.225.5, Frequency response analysis of the designed OPA. (a) 1x12 MMI coupler 
insertion loss versus wavelength, (b) 1x12 MMI coupler output uniformity versus 
wavelength. (c) variations of the output phase of the 1x12 MMI coupler as the 
wavelength changes from 1.50µm to 1.60µm for all the output ports. The red circles 
indicate the ideal output phase values. (d) Variations of the maximum output phase 
difference versus wavelength. The dashed red lines show the bandwidth over which the 
maximum output phase difference is within 10°. 
 
Remember from Chapter 2 that in both uniform and non-uniform arrays, the required 
phase shift for the ith channel (Δθi=θi-θ0), where θi and θ0 are the phase values of the i
th 
and 0th channels, respectively, is proportional to position of the ith channel with respect to 
the 0th channel (di). In other words, Δθi/di is constant. We know that in the case of a 
uniform array with λ0/2 spacing, the required phase shift between the two adjacent array 
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elements is π. This means that it the case of the non-uniform array design presented in the 
previous section, the required phase shift between the two channels placed at the two 
ends is (48μm/0.8μm)×π=60π. This means that if we use only two electrodes to control 
the phase shift of all the channels, such as the case in [1], where a triangular heater 
linearly changes the phase of each channel without any reset, the amount of the phase 
shift required is absolutely prohibitive. That is the reason why in [1] the beam steering 
angle is far less than its theoretical limit imposed by the inter-element spacing as shown 
in Chapter 1. In the case of the non-uniform array the problem is significantly more 
severe due to the large size of the array.  
(a) (b)  
Fig.235.6, (a) A cross section of the heater, (b) Si waveguide temperature versus time 
from transient simulations. 
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However, we notice that 60π phase difference is equivalent to 0rad. Thus, if each phase 
shifter is independently controllable, the maximum required phase shift is never more 
than 2π in general, and in our case where s0= λ0/2, is not more than π, simply because the 
phase shift can be reset after each additional 2π. Such individual control over the phase 
shifter associated with each channel significantly reduces the required length of the phase 
shifter components. However, at least (N+1) electrodes are needed for such full control, 
and this complicates the fabrication of the electrical circuitry. 
The heaters and the electrodes of the phase shifters have been designed and simulated by 
my colleague, David Kwong. For the sake of completeness I briefly review his design. 
The thermo-optical phase shifters consist of aluminum heaters shown in Fig. 5.6(a). 
Aluminum heaters have 600nm×500nm cross-sections. A layer of silicon-oxide separates 
the heater from the silicon waveguide by 500nm to avoid optical loss by the conductive 
heater. The two sides of each heater are deeply etched to realize a structure that 
efficiently directs the generated heart toward the waveguide. Using COMSOL Multi-
Physics simulations we estimated that the maximum power required for each heater is 
about 30mW. The time-transit simulations predicted that the rise time is ~0.5ms as shown 
in Fig. 5.6(b). The electrode layout including the bonding pads are shown in Fig. 5.7. 
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Fig.245.7, Layout of the electrical circuit. 
 
Fabrication 
The MMIs were patterned using a JEOL JBX600 electron beam lithography system (D. 
Kwong et al, Elec. Device Lett., 2010). A nickel liftoff step was used to invert the pattern, 
and subsequently transferred to the top silicon layer via an HBr/Cl2 based reactive ion 
etching (RIE). A subsequent piranha clean has the dual purpose of providing a clean 
sample, but more importantly, removing the nickel etch mask. Afterwards, a 1µm film of 
plasma-enhanced chemical vapor deposition (PECVD) silicon dioxide was deposited 
using the Plasmatherm 790 system for top cladding as well as passivation. The refractive 
index of the PECVD Si02 film was found to be nPECVD(Si02)=1.46. The whole device 
including the electrodes and the bonding bands are shown in Figure 5.8. 
 
 
Fig. 255.8, A top-down view of the fabricated photonic circuit of the optical phased array 
and the electrical circuit of the active phase shifter on top. 
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Optical Characterization  
Because of the small size of the output, we used a 100X IR microscope lens mounted to 
face the output waveguide facets. The microscope is connected to an IR camera for near 
field imaging. We used a visible top-down camera to adjust the position of a lensed fiber 
for input coupling using a six-axis automated aligner system. A second IR camera 
connected to a variable magnification IR objective lens monitors the position of the 
output waveguide fields to adjust the 100X IR microscope lens. Figure 5.9 shows the 
optical test setup. In the input is TE polarized light from a polarization maintaining 
lensed fiber (PMF) with a 2.5µm output mode diameter. 
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Fig.265.9, Test setup for silicon nanomembrane optical phased array. (a) 100X objective 
IR lens, (b) variable magnification visible objective lens, (c) variable magnification IR 
objective lens, (d) input lensed fiber. 
 
 
Fig.275.10, Near field image from the optical phased array waveguide facets. 
Figure 5.10 shows the near field image taken by the IR camera connected to the 100X 
objective lens. The figure shows the non-uniform spacing of the waveguide array outputs. 
Note that the magnification is not enough to completely resolve the light sports 
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associated with the sub-array with the smallest spacing (3.1μm). The uniformity of the 
outputs can be verified by the uniformity of the 1x12 MMI outputs.  and the uniformity 
of the passive phase shifter plus the output s-bend section.  
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Chapter 6: Theoretical Formulation of Two-
dimensional Far-Field and Beam Steering in Slab 
Waveguide 
Two-dimensional far field formulation 
 
 
Fig.286.1, Geometry of the silicon slab waveguide. (b) a schematic of the waveguide 
array connected to a large slab waveguide. 
 
In this section, we solve for spherical field radiated from a point source in the slab 
waveguide. The vertically symmetric structure shown in Fig. 6.1 is well-known to 
support the Transverse Electric (TE, Ex=Ez=Hy=0) mode without a thickness cut-off. 
Thus, we focus on TE-polarized propagations and the point source is given as 
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. All the equations are written for the field in the core region, 
. Consider slab guide TE (Ex=Ez=Hy=0) polarized  
 
where, the dispersion relation is given as 
, where . One can 
show that the abovementioned field can be radiated by an impresses linearly phased line 
source along the y-axis in the form of  
 
Since, , the field emitted from a point source in 
the slab is given as  
 
In order to calculate this integral, we notice that  
 
where, (ρ,φ,z) is the cylindrical coordination [1]. By changing variables, 





The result is also consistent with 2D green function, , which 
is the solution to . Therefore, the fundamental spherical waveguide 
propagation constant ( ) is the same as that of plane waves in the slab. 
In order to find the far field radiation of a collection of line sources in the form of 
, we notice that [2] 
 for . 
 ~  for  , where,  and  are two position vectors (in the x-y plane) 
of the observation point and the source, respectively. In the phase term: 
~  ~  for  
Therefore, the far field conditions are similar to those of the 3D case: 
1- , or the effective wavelength should be much smaller than the observation 
distance 
2- , or the whole scattering object size (or the array size) should be much smaller 
than the observation distance. 
3- , for the phase condition.  
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Here, we note that at an observation point in the far field zone the local field appears to 
be a slab (TE) mode, for which dissimilar to the familiar far field in free space, the 
orthogonality of the electric, magnetic field and the propagation direction does not hold. 
In other words, the far field is not a TEM mode, for which . Without lack of 
generality, let’s consider an observation point in the far field zone on the near the x-axis 
(y<<x, |z|<h). We can represent the propagating field in a transmission line format using 
a similar approach as in [3]. The transmission line (per unit length) voltage and current 
are defined as: 
 
 





Thus, the effective permittivity is modified by presence of the component of the magnetic 
field parallel to the propagation direction. The dispersion relation for the modes in the far 
field is given as   




Fig.296.2, (a) A schematic of the 1x3 MMI used for the far field test. The inset shows the 
cross section of the waveguiding structure. Access waveguide width Ww=2µm, MMI 
width WMMI=9.3µm, MMI length LMMI=52.5µm and the MMI thickness 2h=0.23 µm. (b) 
Eigenmode decomposition based simulation of the designed 1x3 MMI. (c) Calculated 
output uniformity and insertion loss of the designed MMI. 
 
Experimental observation of 2D far field 
In Fig. 6.1(b) At x=0, where the MMI outputs are connected to the slab waveguide, the 
waveguides’ facets can be treated as integration of 2D point sources, and thus, the 
radiation field of the optical phased array at z=0 can be calculated as: 
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where, N is the number of array element, We is the effective width of a waveguide 
including the penetration depth due to the Goose-Hahnchen shift,  is the position 
(center) of the array elements,  is the input phase of the nth array waveguide. This can 
be simplified as explained in the previous section. 
 
Fig.306.3, SEM images of (a) 1x3 MMI coupler, (b) 1x3 MMI coupler output, (c) output 
waveguides width tapers, and (d) MMI outputs connections to the slab waveguide. 
 
In order to validate the theoretical result, we design and fabricate 1x3 multimode 
interference (MMI) couplers. A schematic of a 1x3 MMI coupler is shown in Fig. 6.2. 
The input and output access waveguide width are design wide enough to ensure near 






  [5]. where N is the number of MMI output (N=3) and q is the port 
number as shown in Fig. 6.2. For 1x3 MMIs, the middle output waveguide has a 60° 
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phase lead compated to the two side ones. The MMI output waveguide width are finally 
tapered to 500nm for single mode operation. Figure 6.2(b) shows the MMI coupler 
simulations by vectorial eigenmode expansion simulator in the FIMMPROPTM. The 
variations of the output uniformity and insertion loss are shown as a function of the input 
wavelength are shown in Fig. 6.2(c). 
 
Fig.316.4, Optical test setup. The slab waveguide region on the chip is 8.0mm long and is 
indicated by dashed lines.  
 
The MMIs are fabricated on a silicon-on-insulator (SOI) substrate with 3µm buried oxide 
layer (BOX). The MMIs are patterned using electron beam lithography, followed by 
reactive ion etching (RIE), lift-off pattern inversion, and plasma-enhanced chemical 
vapor deposition (PECVD) of a 1µm thick silicon dioxide film for the top cladding. The 
silicon nanomembrane thickness 2h=230nm. SEM pictures of the fabricated MMIs are 
shown in Fig. 6.3. 
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The MMIs outputs are connected to a wide and long silicon slab waveguide. The 
resulting far field beam is detectable at the exterior edge of the silicon nanomembrane. 
The silicon nanomembrane is etched away from the chip edge. This separates the 
background noise from the light coupled into the silicon substrate. Transverse-electric 
(TE) field from an external cavity tunable laser source is coupled into the input 
waveguides through a tapered and lensed polarizations maintaining fiber (PMF). A CCD 
camera captured top-down images of the scattered light at the etched silicon nonmember 
as shown in Fig. 6.4. 
Figure 6.5 demonstrates the observed to dimensional far field and compares that the 
theoretical far field. 





















Fig.326.5, Two-dimensional far field pattern of a 1x3 MMI with 3.1µm separation 
between the output waveguides.  
 
Summary 
We present the far field modeling for two-dimensional (2D) propagation in slab 
waveguides. The far field conditions and field formulations are derived. Using an analogy 
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to the transmission line theory, we compare the 2D and 3D far field presentations. In 
order to experimentally observe the 2D far field pattern, we fabricate a 1x3 multimode 
interference (MMI) coupler on silicon nanomembrane. The MMI outputs are connected 
to a slab silicon waveguide and the far field is observed at the edge of the silicon slab.  
The results can be used in design of optical phased array based optical switches in 
integrated photonics such as [6]. 
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Chapter 7: Optical Beam Steering inside Chip 
A summary of the final implementation 
Traditionally, optical beam steering has been achieved through mechanically controlled MEMS 
system [1] and liquid crystal (LC) based optical phased arrays (OPAs) [2-4]. While mechanical 
beam steering provides high steering efficiency and relatively large scanning angle, high 
precision rotating stages are required, which increase the device complexity and are not 
potentially fast enough for high speed applications. Optical phased arrays represent an enabling 
technology that makes possible simple, faster, and lightweight laser beam steering with precise 
stabilization, random access pointing and programmable multiple simultaneous beams.  LC 
OPAs provide rapid beam steering without expensive and complex mechanical systems but 
suffer from low steering speed (~10ms) and steering angle (<10º) [4]. Also, increased steering 
angle causes degradation of the side-lobe level and prohibitively coarse angular resolution [5]. 
OPAs can also be implemented using waveguide arrays. A GaAs OPA with GHz steering 
speed was demonstrated with a maximum steering angle of ~6º [6]. A thermo-optically controlled 
OPA fabricated on Silicon-on-Insulator (SOI) demonstrated steering at an angle of 2.3° at a 
wavelength of 1550 nm [7]. For uniform OPAs capable of large angle beam steering, an inter-
element spacing of about one-half the operating wavelength is required. Despite the promises of 
phased waveguide arrays, strong coupling between adjacent waveguides imposes a limitation for 
employing such devices in practical applications if a uniform array is used.  
In order to avoid optical coupling between adjacent waveguides at small inter-element spacing 
(λ/2, λ=1.55μm) required for large angle beam steering in uniform arrays, we choose a non-
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uniform array design described in [5]. The prototype design is based on a non-uniform 12-
element array, which consists of 3 four-element uniform sub-arrays, as shown in Figure 7.1(a). 
The spacing of each sub-array is chosen such that there is no overlap of its far-field grating lobes 
with those of the other two sub-arrays. Figure 7.1(b) shows the maximum allowable steering 
angle using linearly phased uniform arrays as a function of the inter-element spacing and also 



































































Fig.337.1, (a) 12-element non-uniform array design with 3 sub-arrays. (b) The maximum 
allowable steering angle using a linearly phased uniform array as a function of the inter-
element spacing. The maximum allowable angle here is defined as the steering angle at 
which the side-lobe-level=0dB for the first time as the beam is steered from the broadside 
angle (φ0=0
○). The experimental data points, I, II, III, and IV, are bi-directional beam 
steering angles demonstrated in [3], [8], [6], and [7], respectively. (c) Theoretical far-
field pattern for a non-steered (φs=0
○, solid blue line) and a steered (φ0 =10
○, dashed red 
line) beam inside the slab waveguide. The envelope (dotted back line) is the far field 





A 1cm long silicon slab that is long enough to satisfy the far field conditions for an array size of 
46.5µm is used to image the far field interference pattern from the OPA output. The end of the 
silicon slab serves as the imaging plane. In the far field zone, the beam steering angle inside 
the silicon slab (φs) for a linearly phased array ( rdnn   for all n, n : phase applied to 
the nth element, nd  is the position vector of the n
th element, r is a constant) is given as 
 seffr  sin , where   is the angular frequency. Note that as the beam reaches the 
end of the slab and enters free space, its direction is changed to φ0, which using Snell’s 
law is        000 sinsin  rseff  , where 2effeff n  and effn  is the 
effective refractive index of propagation inside the silicon slab. It is not surprising, 
because this is the angle the beam would be steered at if the optical phased array was 
radiated into free space instead of the slab waveguide. The theoretical far field patterns 
for steered and non-steered beams are shown in Figure 7.1(c). Theoretical steering 
efficiencies are 16% and 15% at φ0=0° and φ0=45°, respectively [5]. 
A schematic of the OPA device is shown in Figure 7.2(a). The input power is uniformly 
divided into 12 waveguides using a 1x12 Multimode Interference (MMI) beam splitter, which 
has a width and length of 60μm and 553.4μm, respectively. The input and output access 
waveguides’ widths are 2.6μm, which is the optimum value for high MMI performance [9]. The 
output access waveguides’ widths are linearly tapered down to 0.5μm over 250μm length for 
single mode operation. 
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Active phase tuning 
There are 12 independently addressed 800nm wide and 500μm long thermo-optic phase 
modulators to provide continuous phase tuning needed for beam steering. This provides us the 
advantage of being able to reset after each 2π phase shift, such as in [10], which would reduce the 












































Fig.347.2, (a) A schematic of the silicon waveguide based optical phased array. (b) Beam 




The passive s-bend phase shifters are next, which compensate for the quadratic MMI beam 
splitter output phase profile [11] and change the separation of the uniform waveguide array to that 
of the non-uniform array at the output. The s-bend waveguides have a minimum radius of 
430µm. Figure 7.2(b) shows the beam propagation simulation of the photonic circuitry.  
 
Fabricated device 
We used SOI from SOITEC with 3µm BOX and 250nm top silicon layer, which is oxidized to 
create an oxide etch mask, leaving a final silicon thickness of 230nm. Electron beam lithography 
and RIE etching is used to pattern this layer. A 1µm film of plasma-enhanced chemical vapor 
deposition (PECVD) silicon dioxide was deposited for top cladding. SEM pictures of the 1x12 
MMI output before PECVD oxide deposition are shown in Figure 7.3(a) as well as the interface 
between the unequally spaced optical phased array and silicon nanomembrane slab waveguide in 
Figure 7.3(b). The MMI coupler was shown to have an insertion loss of 1.13dB, and uniformity 
of 0.72dB using TE polarized light at 1547nm [12]. 
After PECVD SiO2 deposition, the metal heaters are patterned over the waveguides by e-beam 
lithography and alignment. Thermal evaporation and liftoff of 150nm of Cr/Au [10/140] 
completes the process. An SEM cross section of one completed microheater over its respective 
waveguide is shown in Figure 7.3(c). Note that the voids caused by the “bread loafing” of the 
PECVD oxide film over the waveguide are formed by proper deposition conditions, and while 
undesirable for electronics fabrication such as in inter-metal dielectrics (IMD), is advantageous 
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for this application by reducing lateral heat transfer for more efficient waveguide heating. The 
thermal effect of heater misalignment from the ebeam is minimized by the voids.  
 
Fig.357.3, (a) Top down SEM image of the 1x12 MMI output. (b) Tilted SEM view of 
the unequally spaced OPA output and silicon nanomembrane slab waveguide. (c) SEM 
cross section of a heater over its waveguide. 
 
Optical test 
An optical microscope picture of the heaters aligned over the output waveguides and 12 
bonding pads is shown in Figure 7.4(a) and the chip carrier with the cleaved and wire-bonded 
device on the optical stage is shown in Figure 7.4(b).  
In order to apply the correct phase shift using the thermo-optic phase shifters during active 
beam steering, we fabricated Mach-Zehnder (MZ) modulators to determine Pπ, with dimensions 
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identical to the OPA with regard to waveguide and heater geometry and determined a switching 



















Fig.367.4, (a) Optical microscope picture of the 12 thermo-optic heaters with bonding 
pads. (b) Completed device wire-bonded to chip carrier and mounted on optical stage.  
 
TE polarized light at 1550nm from a polarization maintaining lensed fiber (PMF) with a 2.5µm 
output mode diameter was coupled into the waveguide input. An IR CCD camera connected to a 
variable objective lens captured the top-down far field image at the end of the silicon slab. Figure 
7.5(a) shows such an image without any voltage applied to the heaters.  
The voltage is distributed linearly proportional to the waveguide spacing from a multi-channel 
voltage source that can provide 12 independently controlled outputs. Figure 7.5(d) demonstrates 
the measured beam steering angle at the edge of the silicon slab when linear phase shift values are 
applied to the array element, along with the theoretical steering angles as a function of the input 
power to the outermost array element, which needs the largest phase shift, and are calculated 
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using the phase shift data from the MZ test. Despite the highly efficient thermo-optic phase 
shifters, the power required for beam steering becomes prohibitively large for our voltage source 
and limits us to steering angles of about 2.5degree inside the silicon slab. 
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Fig.377.5, Top down IR images of the far field viewed at the end of the silicon nanomembrane 
slab (a) non-steered beam, (b) beam steered at 2.5degree. (c) Electrical power vs phase change in 
MZM showing Pπ value of 12.4mW. Steering angle vs maximum power applied in a single 
channel for both the silicon slab and in air (d) without reset and (e) with reset. 
 
 A top-down IR image of the steered beam at 2.5degree is shown in Figure 7.5(b). Figure 7.5(e) 
shows beam steering angles achieved by applying modulo 2π phase shifts to the independently 
controlled electrodes. We were able to steer the beam at 10.5degee inside the silicon slab with 
side-lobe-level (SLL) better than 3dB, while limiting the maximum power per channel to less 
than P2π=24.8mW. Theoretically, we expect 3.8dB SLL at 10.5º. We believe the degradation in 
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the performance is due to the variation in P2π of the micro-heaters, which results in increasing 
inaccuracies in the applied power as the number of resets increases at larger steering angles. Note 
that as the beam couples out of the silicon slab into air, the steering angle is changed according to 
Snell’ Law, where neff=2.9, as shown in Figure 7.5(d) and 7.5(e). From this, we determine that a 
steering angle in free space of over 30º has been achieved, which to our knowledge, is the largest 
reported to date using single-stage phased array systems. 
Summary 
In summary, we have demonstrated large angle optical beam steering in free space of over 30º 
using a silicon nanomembrane based unequally spaced optical phased array that relaxes the strict 
waveguide spacing requirement for large angle beam steering. Our optical beam steering system 
is fabricated on SOI using CMOS compatible processes. Phase modulation is achieved thermo-
optically via the use of thin-film metal heaters that are independently controlled.  
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Chapter 8: On the Role of Evanescent Modes and 
Group Index Tapering in Slow Light Photonic Crystal 
Waveguide Coupling Efficiency 
Slow light in photonic crystal waveguides (PCWs) has been extensively studied for 
potential on-chip applications such as optical buffers and enhanced non-linearity due to 
increased light-matter interaction [1, 2]. The enhanced light-matter interaction provided 
by the slow light operation can be exploited, resulting in ultra-compact on-chip photonic 
devices [3]. Recently, over 40GHz modulation speed using the slow light mode in slot 
photonic crystals refilled with electro-optic (EO) polymer has been demonstrated [4]. 
However, the issue of large insertion losses due to strong impedance mismatch between 
strip waveguides and the PCW slow light mode needs to be addressed before integration 
of several slow light PCW devices is feasible.  
Different approaches were proposed to enhance the coupling efficiency between strip 
waveguides and the PCW slow light mode. Optimization of the PCW termination at its 
interface with the access waveguides was presented in [5]. However, this approach does 
not enhance light coupling into the modes near the band-edge, where slow light based 
devices and other band-edge devices (such as [6]) operate. Demonstration of enhanced 
coupling by inserting a low group index (ng) PCW between the strip waveguide and the 
slow light PCW (high ng) was first presented in [7], where over 100µm of low ng PCW 
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was used for efficient light coupling. Adiabatic tapering of the group index for efficient 
coupling was suggested [8, 9] and experimentally demonstrated [10, 11]. In these types of 
structures, a PCW taper is used as the coupler with its group index band engineered to 
change from that of the high ng (>20) PCW to a much smaller value (ng=4~8) over 
several (4~16) periods, which gives a relatively short coupler. The operating principle 
relies simply on reducing the light reflectance (R) at discontinuities based on the effective 
medium approximation    221221 / gggg nnnnR  , where, ng1 and ng2 are group indices 
of the two PCWs at either side of the discontinuity. However, using this relation in the 
case of hexagonal lattices (with air holes), which is the most common on-chip structure 
for PCWs, leads to significant underestimation of the coupling efficiency values reported 
before (e.g. ng1=5, ng2=100, T=1-R=80% [12]). It has been argued that the high 
transmission is due to the excitation of an evanescent mode on the high ng side of the 
interface [12, 13]. The evanescent mode has amplitude comparable to that of the 
fundamental propagating mode, and its phase is such that it results in a small total field at 
the interface with the low ng PCW to satisfy the boundary conditions. Away from the 
interface, however, the evanescent mode decays and the total field amplitude increases to 
its maximum. Note that the final field amplitude in the high ng PCW is much larger than 
that in the low ng PCW due the slow down effect.  In this letter, we compare the effect of 
evanescent modes and group index tapering on the total coupling efficiency from a strip 
waveguide to a high ng PCW. We numerically investigate the effect of PCW taper (see 
Fig. 8.1(a)) with different lengths and tapering profiles, including a step profile. We also 
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A schematic of a strip waveguide to a high ng PCW structure with an intermediate low ng 
PCW coupling structure is shown in Fig. 8.2(a). The high ng PCW is a W1.0 PCW 
( 30 ad  ), where a=395nm is the lattice constant. Hole radii for both the PCWs is the 
same, r=0.26a. The width of the line defect in the PCW taper changes from dt1 at the 
interface with the high ng PCW to dtN, which is set to be )2.03( a  at the interface with 
the strip waveguide. N is the number of periods in the PCW taper. SOI with silicon 
device layer thickness of 230nm is assumed. In the case of a step taper, the line defect 
width is constant throughout the taper, also dt1= dt2… =dtN.  In the case of adiabatic 
tapers, dti values assume either a linear or a parabolic profile from d0 to dtN. In the case of 
split tapers, )1.03(... 2/,1  add Ntt  and )2.03(...12/,  add tNNt . Note that 
the step taper is the same as the hetero-group velocity PCWs investigated in [7], with the 
difference that we consider much shorter low ng PCW tapers (N≤16, PCW taper length 
<7μm).  
In order to calculate the group index, we simulate the PCW band structure using 3D 
Plane Wave Expansion (PWE) method. Figure 8.1(b) inset shows the band structure for a 
W1 PCW. Figure 8.1(b) shows variations of ng as a function of wavelength for PCWs 
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with various line defect widths. A gradual increase in the line defect width can be used 
for adiabatic tapering for the group index based on the same technique used in [9, 10, 11]. 
Note that further widening the line defect width [more than )2.03( a ] does not 
significantly reduce the group index in the bandwidth of interest (20<ng<100). 
We use 3D Finite Difference Time Domain (FDTD) simulations to calculate the coupling 
efficiency. In order to isolate the effect of the PCW taper from the Fabry Perot 
oscillations due to reflection at the input and output ports, we only simulate one port (one 
strip waveguide-PCW taper- high ng PCW) as shown in Fig. 1(a). In the FDTD 
simulations, 12 periods of the high ng PCW are used. We simulate the coupling 
transmission for step, linear, parabolic and split tapers for N=4, 8 and 16, as shown in 
Fig. 2. We observe that for any number of periods, the step taper results in highest 
transmission almost throughout the slow light region. As the number of periods in the 
taper increases or as the group index increases, all the taper types result in similar 
performance. Interestingly, the linear taper and the step taper show similar behavior in 
the slow light region for all N values. For N=16, when ng>80, both linear and split tapers 
show a slightly better performance (~with 5%) compared to the step taper. For N=16, 
very close to the band edge (λ=1562.5nm), the parabolic taper outperforms the step taper.  
It has been known that backscattering loss in PCWs increases as ng
2 [14]. Furthermore, 
both adiabatically increasing group index in a chirped PCW on SOI substrate [15] and the 
transmission spectrum of GaAs PCW membranes [16] have shown that the disorder-
induced scattering completely disrupt transmission for ng>30. Therefore, for PCW based 
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slow-light devices, in the range of power-law governed transmission, the step taper 
outperforms the adiabatically and split tapered ones. From the 3D FDTD simulation 
results we found that step tapering for a small number for periods in the taper (N<8) has 
the highest coupling efficiency. The adiabatic tapers only outperform the step taper at ng 
values not supported by current state of art fabrication technology, and only at longer 
tapers, which are not desirable in case of compact slow light PCW based devices, which 
are typically ~10µm long [4, 6].  
Since group index tapering is not present in the step taper, the only explanation for high 
coupling efficiency between highly group index mismatched PCWs is provided by the 
existence of evanescent modes at the interface, which helps satisfy the  boundary 
conditions without need for high reflection [13]. So, we can conclude that the effect of 
the evanescent mode in coupling between low ng and high ng PCW is more dominant than 
the effect of the group index tapering for practical compact devices. Note that, the 
possibility of reactive energy storage through the evanescent modes at the low ng PCW 
and high ng PCW interface is provided by the dramatic difference between the 
fundamental index guided and gap guided mode field profiles similar to the conditions of 
super coupling [17]. 
 
Experimental results 
In order to confirm the above claim, we fabricated PCWs on SOI (SOITEC) with a 
250nm top silicon layer and a 3µm buried oxide layer. A 50nm oxide layer was thermally 
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grown as an etching mask, consuming 20nm silicon. The length of the high ng PCW 
section is 100µm in order to suppress the Fabry-Perot effect on the transmission. The 
pattern was transferred to the SOI through electron beam lithography system,  followed 
by reactive ion etching. SEM pictures of fabricated devices are shown in Fig. 8.3.  
The photonic crystal waveguide was tested on a Newport six-axis auto-aligning station. 
The light from a broadband amplified spontaneous emission (ASE) source, covering 
1520~1620 nm, was TE-polarized with an extinction ratio of over 20dB and butt coupled 
into/out through a polarization maintaining lensed fiber with a mode diameter of 2.5µm. 
Transmitted light was analyzed by an optical spectrum  analyzer with 0.05 nm resolution. 
Figure 8. 4 shows the transmission spectra of direct coupling between strip waveguide 
and PCW, and also coupling through step and linear PCW tapers with 8 and 16 periods. 
The oscillation amplitude for the direct coupling is 6dB (full swing), while it is about 3dB 
for coupling with either step or linear tapers, N=8 and 16. The transmission spectra are 
blue-shifted by about 20nms, which is due to 15nm expansion in the hole diameter. 
Similar to the 3D FDTD results, the step tapers slightly outperform the linear tapers in 
both N=8 and 16 cases. Also, as the N increases, the performance of the step and linear 
taper converge together.  
 
Summary 
In summary, by comparing the effect of different PCW taper profiles on transmission in 
the slow light region, we investigated whether group index tapering or existence of 
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evanescent modes at the boundary of a low ng and a high ng PCW has a dominant role in 
enhancing light coupling between strip waveguide and a PCW operating in the slow-light 
region. Numerical analysis and experimental measurements showed that the use of short 
low ng PCW as an intermediate coupler, in which group index tapering is absent, is 
advantageous over adiabatically tapered PCW coupler. Our results also indicate that for 
an efficient coupling, a low ng PCW coupler much shorter (compared to over 100s of 
































































Fig.388.1, (a) A schematic of the strip waveguide to high ng photonic crystal waveguide 
coupling structure. The PCW on the right side of the interface is assumed to support high 
ng propagation at the wavelength of operation. (b) Group index vs. wavelength for 
infinitely long PCW with different defect line widths, )3(0 xad  . The inset shows 
band structure for W1 PCW, r=0.26a, slab thickness=230nm, n(SiO2)=1.45, n(Si)=3.47. 
The highlighted (green) section is the bandwidth over which the 20<ng<100. 
 
 111

















































































Fig.398.2, 3D FDTD simulation results for direct coupling of strip waveguide and PC 
slab waveguide (no taper) and coupling through PCW tapers, with step, linear, parabolic 














Fig.408.3,  SEM picture of fabrication PCWs butt coupled to strip waveguides, (a) a 
tilted view showing the silicon slab PCW, (b) 16-period linear taper, (c) 16-period step 
taper,  and (d) interface of step taper with high ng PCW. 
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Fig.418.4, Measurement results, transmission vs. wavelength for direct coupling of strip 
waveguide and PC slab waveguide (no taper) and coupling through PCW tapers, with 
step and linear profiles, for N=8 and 16. The near band-edge wavelength (slow light 
region is highlighted). 
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A summary of the accomplishments 
In summary, the building blocks for an optical phased waveguide array based beam 
steering system were studied, modeled, fabricated and tested: 
The array structure was investigated and it was shown that a non-uniform linear 
waveguide array can outperform liquid based optical phased arrays. 
A design methodology for such non-uniform linear waveguide arrays was presented. 
Multimode interference (MMI) beam splitters were investigated. Their ideal output phase 
profile was formulated and compared against realist waveguiding structures for high and 
low core/cladding index contrast. 
A design methodology for on-chip high performance MMI beam splitters was presented. 
The results were validated by accurate Eigenmode decomposition based simulations and 
experimental data. 
Optical and electrical parts of the OPA were designed, fabricated and characterized.  
A novel far field characterization procedure for the OPA structure was developed and 
formulated. 
Optical phase tuning using the silicon-thermo effect based was presented. The bread-
loafing effect of the PECVD layer was exploited to efficiently direct the heat toward the 
silicon waveguides. 
A complete one-dimensional OPA far field test and demonstration of large angle beam 
steering were presented by applying modulo-2π re-set phase shifts.   
Also, a numerical and experimental investigation of the mechanism of fast light to 
photonic crystal waveguide slow light coupling was presented. Our results confirmed that 
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no group index tapering is required for an efficient coupling between two photonic 
crystal waveguides with large group index mismatch.  
To continue this work one can demonstrate 2D optical beam steering based on multilayer 
optical phased arrays.  
 
Fabrication techniques for 3D Optical phased arrays 
Nanomembrane transfer printing 
Transfer of semiconductor materials configured in nanoscale geometries 
(nanomembranes, nanoribbons, and others) can be achieved through application of rate-
dependent printing techniques and suitable choice of a light interlayer adhesive [1, 2].  To 
affect nanomembrane transfer, following chemical undercut etching schemes designed to 
release the membrane from the SOI source material, an elastomeric 
polydimethylsiloxane-spell out (PDMS) stamp is brought into conformal contact with the 
nanomembrane. The stamp is rapidly retracted (v > 1 cm/s) off the host wafer surface, 
bringing the nanomembrane with it; the stamp surface can be either a flat, bulk stamp or 
have molded features of relief such as a line and space grating pattern [3]. Different 
adhesive layers such as polyimide (PI) or photodefinable epoxy (SU8) can also be used to 
coat the substrate and stamp [4]. After partially curing the adhesive under UV 
illumination, the PDMS stamp is slowly brought out of contact using micropositioning 
stages, transferring the nanomembrane to the substrate.   
Large area silicon nanomembranes, which after lithographic patterning serve as 
waveguiding components in multidimensional optical phase arrays (OPA), have been 
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fabricated from commercially available silicon-on-insulator (SOI) source materials.  SOI  
wafers (Soitec) having a 260nm top silicon device layer thickness, 2μm buried oxide 
layer, and 400μm handle layer were coated with a photoactive polymer resist (AZ 5214, 
1.5μm) through spin casting at 3000 RPM for 30 seconds, followed by a 60 second bake 
at 110°C on a hotplate to remove residual solvent.  Photolithographic patterning and 
development of the SOI defined the nanomembrane sheets (rectangles, 500μm × 
6000μm).  Optimized etch holes 10μm in diameter spaced 100μm in a square packing 
arrangement were patterned in the nanomembrane interior for optimized undercut release 
schemes. Following development, brief reactive ion etching (RIE, PlasmaTherm) 
utilizing SF6 chemistries etched the exposed top layer of silicon.  Control of dry etching 
times and plasma power are critical when fabricating nanomembrane structures to avoid 
notching effects in the silicon that commonly occur as a result of over-exposure to the 
plasma. The presence of notches in the silicon device layer can lead to crack formation or 
film fracture during retrieval with a bulk elastomeric stamp.   
After plasma etching, the original photoresist mask was removed via sonication in 
acetone for 3 minutes and a brief (3 minute) piranha solution treatment. Photoresist was 
reintroduced to the surface using the same conditions as above and patterned to serve as 
an anchor and reinforcing layer during undercut etch. Wet etching with concentrated HF 
(49%) removed the buried oxide layer, causing the nanomembrane to sag into light 
contact with the remaining handle layer of silicon.  Figure 9.1 provides a schematic of 
nanomembrane fabrication and optical images following dry etching, but prior to 
undercutting. 
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Fabricated and released nanomembranes were retrieved from the SOI substrate by 
bringing a piece of PDMS into conformal contact and rapidly peeling away from the 
surface.  The non-specific van der Waals interactions between the PDMS elastomer and 
silicon nanomembrane were sufficient to bond the two together for removal from the 
substrate with high efficiency. Figure 9.2 provides optical micrographs of a 
nanomembrane adhered to a bulk stamp.  Contacting the PDMS/Si element to a clear 
substrate with a light adhesive layer (Norland Optical Adhesive 61, Norland Products), 
curing under UV illumination, and slowly peeling back the PDMS affected transfer.   
Printing efficiency was enhanced through the use of molded relief features on the bulk 
stamp.  In the case of nanomembrane transfer, we introduced a simple line and space 
grating structure to the surface (30μm line width, 20μm spacing) which reduces the 
contact area between the stamp and silicon, corresponding to a reduction in the adhesive 
strength of the interface. These stamps were fabricated using well-established casting and 
curing techniques of soft lithography. A master template was fabricated by patterning via 
lithography with a photodefinable epoxy (SU-8 25, MircroChem Corp., 25μm thick) 
which provided the grating structure. Functionalizing the patterned surface with a vapor 
deposited trichlorosilane (United Chemical Technology) and thermally curing (70°C for 
> 2 hours) the silicone elastomer poly(dimethylsiloxane) against the template generated 
the desired stamp surface.  A representative illustration and cross-section of a 
microstructured stamp with grating features is shown in Figure 9.3. 
Multilayer nanomembrane stacks for device structures 
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One of the primary challenges in creating a multi-layered OPA is overlay error between 
multiple layers after the distortion of wafer that manifests due to various fabrication 
steps. For the OPA, the overlay error needs to be of the order of 50-100nm over a length 
of 500μm.  
Sequential inking and printing steps following the technique prescribed above can be 
utilized to fabricate multilayer stacks of nanomembranes which may prove crucial for 
flexible manufacturing and rapid prototyping of the systems with the targeted 3D layouts. 
Figure 9.4 presents a proposed process flow for fabrication of complex multilayer stacks 
designed for OPA devices.  Initially, a silicon nanomembrane (500μm × 6000μm) is 
transfer printed onto a target substrate which will serve as the support structure for the 
multilayer stacks.  Deposition of a SiO2 dielectric layer (250nm thick) via plasma-
enhanced chemical vapor deposition (PECVD) provides the waveguide cladding for the 
first layer. Next, lift-off photolithographic patterning can be employed to generate 
metallic thermo-optic heating pads and electrical interconnection points. For this step, 
photoresist is patterned to define larger pads along the perimeter of the nanomembrane 
which will act as wire bonding points for external connection. Blanket electron-beam 
evaporation of a Ti/Au (1/150nm; Ti provides adhesion layer) and subsequent rinsing in 
acetone provides the metallic pads and interconnect lines to the silicon nanomembrane 
structure. A spin on dielectric, such as spin-on glass or polyimide, 1.5μm thick, is then 
coated onto the silicon/cladding/metal stack to serve as a separation layer and interlayer 
adhesive. Transfer printing a second silicon nanomembrane and curing the adhesive 
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completes the first level of OPA stack. Anisotropic dry etching of the dielectric using O2 
and CF4 chemistries defines openings through which to contact the metallic thermal pads.  
Additional device layers can be constructed following sequential deposition of dielectric 
and metal films with lift-off patterning to define contact pads. External connection pads 
of each fabricated layer should not overlap with the previous layer; a minimum 250μm 
offset separation between pads in adjacent layers has been incorporated into these 
designs.  After completion of multilayer assembly and patterning, electron beam 
lithography (EBL) can be used to define waveguides 500 nm wide and 6 mm long on top 
of the stack surface. Low molecular weight polymethyl methacrylate (PMMA) acts as 
both a photopolymer and etch mask during the waveguide formation. After development 
in a 1:2 solution of methyl isobutyl ketone (MIBK), anisotropic dry etching can be used 
to define the waveguide structures through out the various layers in the OPA stack.  
Cycles of reactive ion etching with different gas chemistries can be utilized to etch 
different materials:  SF6 plasma for silicon etching, CF4 for oxide etching, O2 for polymer 
or dielectric etching, and Cl chemistries for gold etching.  Following waveguide 
definition throughout the stacked structure, PECVD-deposited SiO2 can used to infill 
channels between the waveguides, providing structural stability, optimum device 
isolation, and completion of cladding layers surrounding the waveguide edges.  Once 
infill is complete, a final photoresist patterning step and brief dip in concentrated HF 
allows access to the metallic connection pads which undergo wire bonding to external 
electrical control. 
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The proposed fabrication scheme is advantageous for generating self-aligned waveguides, 
achieving the sub-20 nm interlayer overlay registration required for high-performance 
device operation while minimizing potential registration errors that can occur due to 
limitations of traditional positioning stages in automated printing tools.  Efforts are 
continuing to fabricate and print these multilayer stacks, configured into device format 
for phase array functionality. 
 
Challenges and future efforts 
Printer positioning accuracy 
To address several of the fabrication and printing challenges posed by the severe 
alignment requirements of the stacked OPA devices, continuing efforts are focused on 
quantifying the limits of positioning accuracy of the automated printing tool and 
identifying non-visual based alignment protocols during printing. The commercially 
available linear stages (Aerotech, ALS20000 series) provide rated positioning accuracy 
and repeatability at ~500nm.  However, linear encoding through control systems can 
reduce this motion to below the 20nm positioning requirements for overlay printed 
stacks.  To experimentally test the accuracy of the encoder commands and resulting stage 
motion, a series of capacitive coupling experiments are being developed which entail 
direct measuring of capacitive change between high-sensitivity probes mounted in the 
printer toolbit. Two fixed probes (one for each x-, y- direction) provide a reference point 
for relative motion of additional probes tethered to the x/y-stages.  Adjusting 
displacement of the probe distance in the ±x, ±y directions registers as small changes in 
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probe capacitance which can be measured and, after comparison to a calibration standard, 
a true distance extracted.  Experiments will chart the actual distance of stage travel 
compared to commanded distance or position ranging from nanoscale up to micron range 
displacements.  Independent confirmation of the travel distance will be obtained through 
a series of imprinting studies in which ultra-sharp (sub-micron curvature) micro-
machined tips will be indented into a soft polymer or foam surface prior to and after 
commanded motion. Surface mapping of the substrate via scanning electron microscopy 
(SEM) or profilometry can measure imprint offset distances. 
 
Fig.429.1, (a) Process flow for silicon nanomembrane fabrication from an SOI source 
wafer. (b) Nanomembranes after dry etching, but prior to photoresist anchor and HF 
undercut etching. 
 
Alignment and overlay of Si nanomembranes 
Related to positioning accuracy of the automated transfer printing tool, alignment 
demand for each printed layer is continuing to be addressed.  Current alignment protocols 
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depend primarily upon visual assessment and manual alignment of stages to account for 
position and tip/tilt accuracy. However, diffraction limited optics limits repeatable 
accuracy detection to ~2μm, well above the rated machine motion and waveguide design 
tolerances.  New types of alignment procedures are being investigated for integration into 
the system. One such area that has attracted attention is through the incorporation of 
Moire pattern-based fiducial markings on the substrate or elastomeric stamps. In the 
simplest embodiment, arrays of fine, nanoscale parallel lines can be patterned onto a 
receiver substrate prior to printing the first OPA stack layer. A second set of parallel lines 
having the same geometry, but inclined at a slight angle can be molded into the stamp 
used for retrieval and printing of membranes.  Proper alignment of the stamp and 
substrate features generate Moire patterns of alternating visible bands which can be 
viewed with the existing optics integrated in the printer tool, indicating alignment of the 
current nanomembrane with the previous layer.  More advanced patterns can be utilized 
in similar modes for challenging printing steps.  
 124
 
Fig.439.2, Macro image of a retrieved nanomembrane (500 x 6000μm) on a bulk PDMS 
stamp. 
 
Fig.449.3, Microstructured stamps used to enhance transfer printing featuring line and 
space molded surface features (30μm line width, 20μm spacing). 
 
For the more general problem of dealing with distortion due to processing and the overlay 
error propagated thereby, a novel approach of adaptive nanoimprint lithography can be 
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pursued. In this approach, the wafer is locally heated in an optimal fashion at multiple 
points to correct for the distortion in real time by obtaining feedback of existing 
distortion. The real time system is possible to achieve by means of microchannel heat 
sinks using which thermal constants as low as 10ms have been demonstrated [5].  
 
Fig.459.4, Process flow for generating silicon nanomembrane-based device stacks for 
multilayer OPA structures.  Process shows fabrication of a two stack device 
 
A schematic of this novel approach is depicted in Figure 9.5. The number of microscopes 
needed to accurately estimate the distortion can be determined by finding the bandwidth 
of the distortion in spatial frequency space. The relative displacement between the wafer 
and the stamp can be monitored using geometric Moiré which have been shown to 
achieve resolution as low as 7nm [6]. The optimal heating of the wafer in order to 
minimize the overlay error was discussed in [7] and the results have been summarized in 
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Figure 9.6.  Asserting the linearity of heat equation, one can consider each heater’s effect 
separately and record the displacement (α(x,y), b(x,y)) arising from thermal expansion in 
the area of interest. The optimal heat inputs qi can be obtained by solving the convex 
optimization problem (Figure 9.6(a)):   
 
































Figure 9.6(b) summarizes the thermal and mechanical boundary conditions used to solve 
the above optimization problem in the Finite Element Method (FEM) simulations. Figure 
9.6(c) depicts an example of correction of an overlay error in the form of second 
harmonic shear strain. As the result of the strain, the RMS displacement in area of 
interest is 27nm and is reduced to 9nm by optimal heating of the wafer. 
 
Fig.469.5, Adaptive nanoimprint system consisting of thermal actuation and sensing 
subsystems. This approach takes advantage of the transparent nature of quartz template 
and the polymer. 
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Note that the output phase values can be electronically corrected. However, poor layer-to-
layer alignment results in large “static” power consumption. In this case, even when the 
optical beam is not being steering in any direction, large power is consumed for phase 
correction; otherwise, large side-lobe-levels would result in extremely poor diffraction 
efficiency (the ratio of the power directed in the desired to the power directed in all 
directions). Therefore, although an electronic phase correction can be used to partially 
relax the layer-to-layer alignment requirement, it won’t an option to fix large errors for 
low-power optical phased arrays, which are our targets. 
 
Multilayer self-aligned waveguides 
The process flow for waveguide self-alignment is advantageous for relaxing the overlay 
requirements for printing nanomembranes onto layers that have already undergone 
extensive fabrication and waveguide definition.  However, significant engineering 
challenges are presented in the fabrication and etching through an as-stacked structure, as 
shown in the penultimate panel of Figure 9.4. The most challenging of these obstacles is 
expected to be the optimized etching cycles to define waveguides through all the 
assembled layers.  Etching will create mechanically fragile structures which may not be 
robust to the necessary patterning and masking steps required to protect other layers of 
the system.  Appropriate mask materials and strategies must also be developed so as to 
protect top device layers from continuous exposure to the different plasma etching 
conditions. Additionally, interlayer materials must be optimally matched for thermal and 
optical properties to minimize stress buildup during high temperature processing 
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(PECVD) and ensure good waveguideing properties. Figure 9.7 shows the results of 
preliminary efforts to create self-aligned waveguides. We already have the capability of 
bonding of single crystal silicon to create the multiple device layers [8]. Starting from a 
multi-bonded SOI, which has silicon, silicon nitride or silicon dioxide layers of the 
appropriate thicknesses [Figure 9.7(a)], vertically-aligned waveguides are fabricated 
through multiple cycles of etching [Figure 9.7(b)]. We have observed undercutting, 
especially in the silicon layers. We also noticed different waveguiding cross-section 
profiles in different layers. Design work and initial fabrication steps are underway to 
investigate and address these issues. 
Summary 
In this paper we presented and discussed fabrication of 3D optical phased array (OPA) 
devices for large angle optical beam steering. Fabrication of a single layer OPA device 
was presented. Potential approaches to full 3D OPA devices and our recent progresses 
were discussed. At the end, we reviewed the challenges and potential solutions to 
realization of 3D OPA devices.  
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Fig.479.6, FEM simulation results for optimal heat inputs at various localized regions on 
the wafer show that substantial improvement in overlay error can be achieved even in the 
case of shear strain. (a) The optimal heat inputs are obtained by solving a constrained 
convex optimization problem. (b) the boundary conditions used in the FEM simulation 
(c)-(e) various cases of simulated strain and the reduction achieved after application of 
the optimal heat inputs. 
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Fig.489.7, (a) Cross sectional scanning electron micrograph (SEM), or a double bonded 
SOI wafer.  The top dielectric is a Si3N4 layer, while the second is SiO2. (b)  Cross 
sectional SEM of a splitter realized using DBSOI wafers. 
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